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Complete controls, precise comparisons and simplified inter- 
pretations essential for efficient vitamin research and assay in- 
volving the feeding of animals are facilitated and standardized 
by the use of Labco Products for Biological Research. 
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(Contains the water soluble factors, except riboflavin) 

LABCO RICE POLISH FACTOR II 
(Contains the water soluble factors, excepi riboflavin, Vitamin B, and 
Vitamin B,) 

LABCO VITAMIN-FREE CASEIN 

(Guaranteed and Biologically Proven free of all known vitamins) 









Prices and information on request 
ty THE BORDEN COMPANY 
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New Junior Model— 
Van Styxe MANometric Boop Gas 
APPARATUS 


This Junior Model spparatus meets the demand of sufficient 
accuracy and easy manipulation at low cost. The extraction 
chamber is the same as that supplied with the motor driven 
Research Model. It is guaranteed to be calibrated to 40.08 
mil. at 0.5 ml. and +0.005 mi. at 2.0 ml. 
This new model is conveniently shaken by hand. The omission 
of the water jacket and the use of the meter stick to read the 
ressures on the manometer introduce an error not exceeding 
.2 vol. per cent. 


Designed for Student Instruction 
REASONABLY PRICED AT $40.00 

The low price of the Junior Model Van Slyke Manometrie 
Apparatus makes possible its more general use in student 
instruction and clinical laboratories. 

At slight additional cost, this apparatus can be supplied with 
the millimeter scale etched on the glass manometer tube, and 
the latter fused to the apparatus. 


Send for Literature and Price List 
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AN ELECTROLYTIC METHOD FOR THE DETERMINA- 
TION OF THE BASIC AMINO ACIDS IN 
PROTEINS* 


By ANTHONY A. ALBANESE 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, March 21, 1940) 


This work was undertaken in an attempt to fill the need for a 
simple and accurate procedure for the determination of the basic 
amino acids in small quantities of protein. Critiques of the exist- 
ing methods have been made by Mitchell and Hamilton (1), 
Tristram (2), and Hinsberg and Lang (3). The use of phospho- 
tungstic acid as the preliminary separating reagent for the basic 
amino acids is subject to many limitations; namely, partial precipi- 
tation of other amino acids, variation in solubility of the precipi- 
tates in excess of the reagent, and loss of nitrogen on decomposi- 
tion of the precipitate. This led to the use of the electrolytic iso- 
lation of the basic amino acids, originally described by Foster and 
Schmidt (4). 

In outline, the steps of the method to be presented are the fol- 
lowing. The protein is hydrolyzed by boiling with 20 per cent 
hydrochloric acid. An aliquot of the whole hydrolysate equivalent 
to 0.5 to 1.0 gm. of protein is submitted to the electrolytic pro- 
cedure. From the final catholyte arginine is removed as the 
flavianate (5), histidine is precipitated with #hercuric chloride 
(6), and lysine is determined by a micro-Kjeldahl analysis of the 
final fraction. 

It is not necessary to remove the humin by filtration, to remove 
the excess hydrochloric acid by vacuum concentration, nor to 
remove the amide nitrogen. All of these steps are accomplished 


* This report is from a dissertation submitted in partial fulfilment of 
the requirements for the degree of Doctor of Philosophy in the Faculty of 
Pure Science, Columbia University. 
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468 Basic Amino Acids in Proteins 


by the electrolytic procedure without the loss of nitrogen usually 
attendant on adsorptive or mechanical processes. The humin is 
retained in the middle compartment of the cell. The hydro- 
chlorie acid of the hydrolysate is removed by the migration of 
chloride ions to the anode, where they are discharged as chlorine. 
The amide nitrogen present as ammonia is volatilized at the cath- 
ode from the alkaline solution with the hydrogen there liberated. 


Details of Method 


Hydrolysis—1 to 2 gm. of the protein to be analyzed is hydro- 
lyzed by refluxing for 24 hours with 5 ec. of 20 per cent hydro- 
chloric acid per gm. of protein in an all-glass apparatus. The 
hydrolysate is diluted to a convenient volume in a volumetric 
flask, and the total nitrogen is determined by the micro-Kjeldahl 
procedure. An aliquot representing 0.5 to 1.0 gm. of protein is 
used for the electrolysis. 

Electrolysis. The Cell—This (Fig. 1) consists of three wooden 
sections, the contiguous surfaces of which are covered with gasket 
rubber. The remaining exposed surfaces are water-proofed with 
several coats of spar varnish. The capacity of each section is 
approximately 100 cc. Taps are provided for the rapid and com- 
plete removal of solution from the anode and cathode compart- 
ments. The assembled cell is held together by long bolts. A 
piece of quarter inch sheet carbon is used for the anode and 
platinum gauze for the cathode. 

Dissimilar membranes are used at the anode and cathode com- 
partments. The anodic membrane consists of linen coated with 
gelatin hardened in 4 per cent formaldehyde solution. The catho- 
dic membrane is of parchment paper. This combination is used 
to minimize endosmotic effects (7-10). 

The temperature of the cell is kept at about 20° by circulating 
tap water through V-shaped glass tubes immersed in the end- 
chambers. The solution in the center section is agitated by a 
small air-driven turbine stirrer; the anolyte and catholyte are 
stirred by the gases liberated there. 

The electrical circuit consists of a 100 watt lamp, a 0-1 ampere 
ammeter, and the electrolytic cell electrodes connected in series 
to the 110 volt p.c. line. A scale diagram of the entire apparatus 
is shown in Fig. 1. 
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Electrolytic Technique—The anode and cathode compartments 
of the assembled cell are filled with distilled water, the middle 
chamber being only half filled. The current is turned on, and 
the sample is pipetted into the middle section, which is then filled 
with distilled water to the same level as the others. The comple- 
tion of electrolysis is indicated by the current drop (Fig. 2). 
The contents of the cathode compartment are then run into a 














4 fy Af, A/ Af fj hf / / 
LILLLL LLL Lad Ld 











Mh hh a LL 


























SS, 
hhhndhen 























Fic. 1. Drawing of apparatus used for the electrolytic separations. 
1 air-driven stirrer, 2 ammeter, 3 electrolytic cell, 4 cooling tube, 5 appara- 
tus stand, 6 compartments of cell, 7 compartment tap. 


volumetric cylinder. The chamber is washed several times with 
distilled water, and the washings added to the original catholyte. 
The current is turned off. The contents of the anode and middle 
compartments are discarded. This first electrolysis effects the 
elimination of hydrochloric acid and the more acidic of the amino 
acids. The complete separation of the basic amino acids into the 
cathode chamber is accomplished by a second electrolysis of the 
primary catholyte. 

First Electrolysis—Shortly after the sample has been introduced, 
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the current rises rapidly to 750 to 800 milliamperes, where it 
remains for about 6 hours, the time depending upon the amount 
and composition of the protein. About half the contents of the 
anode chamber is removed at hourly intervals and replaced by 
distilled water. The electrolysis is complete when the current 
drops to 100 to 200 milliamperes; the middle compartment solu- 
tion then gives negative phosphotungstic acid and Sakaguchi 
tests. The catholyte usually contains about two-thirds of the 
total nitrogen of the protein used, is alkaline to phenolphthalein, 
and free of chloride ion. The electrolysis curve (Curve I) for a 
gelatin hydrolysate is shown in Fig. 2. 
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Fic. 2. Electrolysis curves for hydrolyzed gelatin. Total N, 158 mg. 


Curve I, electrolysis of hydrolysate; Curve II, electrolysis of primary 
catholyte; Curve III, electrolytic removal of the flavianic acid. 


Second Electrolysis—A few drops of brom-cresol purple and 
methyl red are added to the primary catholyte. Dilute H,SO, is 
then added until the purple color turns to a distinct yellow, pH 
5.6 to 5.8. Care must be taken to prevent the appearance of the 
red color of methyl red, pH 4.6. This solution is introduced into 
the middle chamber as before. The current rises rapidly to about 
150 to 500 milliamperes and then slowly drops to 50 to 75 milli- 
amperes in about 45 minutes, when the electrolysis is complete 
(Curve II of Fig. 2). 

That the basic amino acids had been completely transported to 
the cathode chamber under these conditions was again shown 
in preliminary experiments by negative phosphotungstic acid and 
Sakaguchi tests on the middle compartment. 
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The middle compartment solution in this electrolysis re- 
mains yellow during most of the run, with gradual reddening 
towards the end. It is not necessary to readjust the pH. An 
increase in the mean acidity of the amino acids remaining in the 
center section is to be expected as the basic components leave the 
chamber. Migration of the neutral amino acids into the cathode 
chamber is prevented by the alkalinity of the catholyte. 

The cathode solution so obtained is strongly alkaline to phenol- 
phthalein and Cl--free. If it gives a positive test with Nessler’s 
reagent, it is aerated until free of ammonia. 


TABLE I 


Data on Primary Electrolysis of Protein Hydrolysates 
! J ! y 


Protein hydrolysate Total N nies Time pent phan og 
mg. mg. hrs. mg. 
Edestin 149.5 56 4.25 13.1 
Horse Hb , 132 46 6.00 7.65 
Fibrin 152 42.6 6.00 7.10 
Gelatin 158.5 37.6 7.00 5.37 
Fibrin 74 20.7 4.25 4.85 
Casein 137.5 32 7.00 4.57 
Gelatin 95.0 23.6 5.50 4.30 


Rate of Electrolysis—Similar electrolysis curves are obtained 
with hydrolysates of the various proteins, the only difference 
being in the duration of the first electrolysis. This appears to be 
a function of the amount of basic nitrogen in the electrolysate 
(Table I). 

Recovery Determinations on Electrolytic Procedure—Electrolyses 
of arginine hydrochloride were made as described for the protein 
hydrolysates. 50 cc. of a solution containing 29.0 mg. of N as 
pure arginine hydrochloride were run into the middle compart- 
ment of the cell. The electrolysis was complete in 25 minutes, 
‘as indicated by the current rise and drop. The resulting catholyte 
contained 29.0 mg. of N. In a similar experiment with 5.83 mg. 
of N as arginine hydrochloride, the catholyte was found to con- 
tain 5.82 mg. of N. 
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Chemical Procedures for Isolation of Basic Amino Acids 


Separation and Determination of Arginine —To the second catho- 
lyte, acidified to methyl red with dilute sulfuric acid and heated 
on the steam bath, is added flavianic acid solution (1.2 moles per 
mole of arginine expected). After 10 minutes the mixture is 
allowed to cool to room temperature and stored in the ice box for 
several days. The arginine flavianate is filtered off, dried, and 
weighed. A solubility correction of 1.0 mg. of arginine N per 
100 cc. of solution! is applied to all reported values. The arginine 
N value calculated from the monoflavianate (11.48 per cent) is 
reported as per cent of the total N of the protein. 

Electrolytic Removal of Flavianic Acid—-The troublesome re- 
moval of the excess flavianic acid from the filtrate from the 
arginine flavianate by the usual chemical procedures and the 
consequent loss of nitrogen are obviated by electrolysis. In 
this process, the arginine flavianate filtrate is introduced into the 
middle compartment of the cell as previously described. A drop 
of dilute sulfuric acid is added to both the anode and cathode 
compartments to increase the initial conductivity. The flavianic 
acid passes to the anode, histidine and lysine to the cathode. The 
electrolysis is complete in about an hour. The current change is 
plotted in Curve III of Fig. 2. 

Histidine Determination—The method for the preparation of 
histidine described by Foster and Shemin (6) is adapted to this 
work in the following manner. The alkaline catholyte from the 
electrolytic removal of flavianic acid is made just acid to methyl 
red with dilute HCl. Saturated aqueous solution (6.9 per cent) 
of HgCl, is added (4 moles per mole of histidine expected). Dilute 
NaOH is added drop by drop until the red color of methyl red 
is discharged and a pinkish tinge (pH 6.8 to 7.0) appears with 
phenol red, when a white flocculent precipitate forms. The re- 
sulting mixture (about 100 cc.) is allowed to stand at room tem- 
perature for several hours and centrifuged. The precipitate is 
washed twice with about 10 cc. of water, dissolved in dilute HCl, 


! This solubility correction was determined for the above conditions 
of arginine precipitation in the following manner. 100 cc. of the filtrate 
from the precipitation of pure arginine as the monoflavianate were sub- 
mitted to electrolysis as described in the next section, and its arginine 
content estimated by Kjeldahl analysis of the catholyte. 
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made to volume, and aliquots removed for micro-Kjeldahl deter- 
minations. The nitrogen content of the whole solution is esti- 
mated as histidine N in per cent of the total N. 

Lysine Determination—The supernatant and washings of the 
histidine precipitate are made to volume and aliquots analyzed. 
The total N of the fraction, less the N due to the solubility of the 
arginine flavianate, is estimated as lysine N. 


Analysis of an Artificial Mixture of Amino Acids 


In order to test the precision of the method outlined above, a 
mixture of amino acids (Table II) was made simulating the com- 
position of a protein hydrolysate. The amino acids used for this 
experiment were highly purified, with correct nitrogen values. 
50 ce. aliquots of this solution were analyzed, equivalent to 223 
mg. of total N or approximately 1.4 gm. of protein, and contain- 
ing 47.8 mg. of basic N. The results are shown in Table III. 
Attention is directed to the variation of the histidine figures prior 
to the use of the electrolytic removal of flavianic acid and to 
their relative constancy after its adoption as a routine step. 


Analysis of Proteins 


Gelatin—Two specimens of gelatin were analyzed. The anal- 
ysis of Gelatin A (a granular gelatin containing 16.1 per cent N) 
was made on an aliquot of a 500 gm. hydrolysate. The analyses 
of Gelatin B (Eastman Kodak gelatin containing 15.16 per cent 
N) were made on aliquots of a hydrolysate of 10 gm. The results 
are shown in Table IV. 

Fibrin—20 gm. of cattle fibrin (Eimer and Amend) were hydro- 
lyzed and made up to 250 ce. A small aliquot was removed for 
micro-Kjeldahl determination; the protein was found to contain 
15.2 per cent N. The analysis is reported in Table IV. 

Casein—10 gm. of Merck’s casein (according to Hammarsten) 
were hydrolyzed and the hydrolysate was made to 250 ce. Micro- 
Kjeldahl determinations on this solution showed the protein to 
contain 13.75 per cent N. The basic amino acid estimations were 
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TABLE II 


Composition of Amino Acid Mixture 


Basic Amino Acids in Proteins 


The mixture contained 15 cc. of HCl and distilled water to make | liter, 


: Amino acid ir 
Amino acid Amino acid in 


mixture 
gm, 

Glycine 10.698 
Proline 4.147 
Oxyproline 3.577 
Glutamic acid 2.518 
Phenylalanine 1.091 
Cystine 1.226 
Leucine 0.420 
Tyrosine 1.284 
Histidine HCl-H,O 1.908 
Arginine HCI 1.554 
Lysine HCl 0.996 


Totals 29.419 


TaBLe III 


Amino acid N in 
mixture 


gm. 
1.995 
0.523 
0.382 
0).239 
0.093 
0.131 
0.046 
0.100 
0.387 
0.413 
0.153 


1.462 


Results on Analysis of Amino Acid Mixture 


Total N used for each analysis, 223 mg. 


N recovered 


Chemical removal of flavianic 


d N acid 
N fraction pres- 
ent 
I II lil IV 
Primary catholyte, mg. 164 158 160 (160 
Second catholyte, mg. 46.9 | 46.8 47.2 | 46.9 
Arginine N, mg. 20.65 20.0 | 20.3 | 20.4 20.3 
« “% 9.26 
Histidine ** mg. .... 19.35 19.50 18.50 18.30 17.10 
ai “e % 8.68 
Lysine N, mg 0 1 aoek Sey 2.8) 7.2 
on oe 3.42 


Total basic amino acid 
N, mg. 45.5 


47.8 | 46.7 46.2 46.3 


Electrolytic removal 
of flavianic acid 


Dupli- 


| cate 
I II | differ 
ence 
158 
48.0 


20.4 20.5 
9.15, 9.20 0.05 
19.50,19.50 

8.75) 8.75 0.00 


7.3 | 7.4 
3.31 3.37 0.06 
47.4 47.6 
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made on aliquots containing 137.5 mg. of total N. The analytical 
results are given in Table IV. 

Edestin?—5.746 gm. of edestin were hydrolyzed with 30 ce. 
of 20 per cent hydrochloric acid for 24 hours. The hydrolysate 
was diluted to 100 ce. Micro-Kjeldahl determinations indicated 
17.30 per cent N in the protein. The basic amino acid analyses 
reported in Table IV were made on aliquots of the diluted hy- 
drolysate containing 149.5 mg. of total N. 


TABLE IV 


Results of Protein Analysis in Percentages of Total Nitrogen 


Distribution in per cent of total N 


> ; _ Total N ss ° * a: : 
Protein r- —— Arginine Histidine ’ Lysine 
Average Average Average 
mg. 
Gelatin A 268 11.5 2.09 6.87 
™ B 158.5 11.60 1.14 10.1 
158.5 11.65 1.14 10.1 
95.0 11.60 11.62 1.15 1.14 10.05 10.08 
Cattle fibrin 152.0 14.0 3.70 11.50 
152.0 13.95 3.72 11.40 
74.0 14.0 13.98 Lost 3.71 | Lost | 11.45 
Casein 137.5 7.31 5.32 10.20 
137.5 7.40 7.36 5.40 5.36 10.23 | 10.22 
Edestin 149.5 26.30 4.25 3.21 | 
149.5 26.30 26.30 4.27 4.26 3.23| 3.22 
Horse Hb 132 6.96 14.50 11.25 


110 6.95 6.96 14.45 14.48 11.35 | 11.30 


Horse Hemoglobin?—A sample of horse hemoglobin, three times 
recrystallized, dialyzed free from chloride, and coagulated by 
heat, was analyzed. 1.973 gm. of the protein were hydrolyzed 
as before. The hydrolysate was made to a volume of 50 ce. 
Micro-Kjeldahl determinations showed the protein to contain 
13.40 per cent N. The results of these analyses are shown in 
Table IV. 


* Kindly presented by Dr. H. B. Vickery. 
* Kindly presented by Dr. E. J. Cohn. 
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Identification of Amino Acid Fractions 


Experiments are now presented which show that in the protein 
analyses just recorded, the arginine, histidine, and lysine fractions 
are not detectably contaminated. 

Arginine—The most likely contaminants, besides inorganic 
matter, of the arginine monoflavianate would seem to be arginine 
and histidine diflavianates. The carbon, nitrogen, and sulfur 
contents of these three compounds are too nearly alike to be useful 
criteria of purity. Nor are their decomposition temperatures 
satisfactory. The determination of the a-amino N on the flavi- 
anates is handicapped by the fact that relatively large amounts 
are necessary for suitable volumes of gas. The difference between 
the amino acid nitrogen of arginine monoflavianate and of the 


TABLE V 
Melting Points and Theoretical Percentage Composition of Arginine and 
Histidine Flavianates 


Amino Amino 


M.p. Ss N Cc N acid N 

7. z 
Arginine monoflavianate 258-260 6.54 | 17.2 | 39.2 | 2.85 | 11.48 
** diflavianate (11) 220-228 7.95 13.9 38.8 | 1.75 6.96 
Histidine ” 251-252 | 8.17 | 13.3 | 39.5 | 1.79 | 5.36 


possible contaminants appears to offer the best basis for assay- 
ing the arginine fraction (Table V). 

A weighed sample of the flavianate is suspended in water and 
dissolved with a minimal amount of dilute NaOH solution. The 
volume is made to about 100 ec., and dilute H.SO, is added to 
bring the solution to about pH 3, just acid to Congo paper. 
This solution is transferred to the middle compartment of the 
cell and the electrolysis carried out as described for the removal of 
flavianic acid. The electrolysis of 300 mg. of arginine flavianate 
is accomplished in 25 minutes. The catholyte is run into a 
volumetric cylinder and aliquots taken for micro-Kjeldahl de- 
terminations. The amount of N in the whole catholyte repre- 
sents the amino acid N in the flavianate. Aliquots of this solution 
are tested for histidine by the diazo reaction, which is sensitive to 
1 part of histidine in 200,000 (12). 
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The results so obtained are shown in Table VI. None of the 
flavianates showed the presence of histidine and the amino acid 
N percentages closely approximated the theoretical figure for 
arginine flavianate (11.48). The melting points, which are 
really decomposition temperatures, are also given in Table VI. 
This evidence establishes the purity of the arginine flavianates. 

Histidine N—The only other amino acids that are known to be 
precipitated from very dilute solution by mercuric chloride at the 
pH of the histidine precipitation (pH 7) are cystine and methi- 
onine. These, of course, are excluded by the electrolytic separa- 


TABLE VI 


Analytical Data on Basic Amino Acid Fractions 


a : Histidine fraction Lysine fraction N pptd. 
Arginine flavianate of protein of protein red = 08- 
Protein hydrolysate _____ _photungstic 


Amino | M.p., un- Kjeldahl a-Amino | Kjeldahl! Amino _— ¥ 
N NX3 N N 1g. 3) 


acid N corrected 


per cent Cc. per cent per cent per cent per cent | per cent 


Gelatin (East- 

man Kodak). 11.57 | 259-260 1.14 10.10 | 10.11 88.7 
Cattle fibrin. .. ° ° 3.42 ° 11.50; °* * 
Casein 11.45 | 257-259 | 5.32 5.47 | 10.20 | 10.23 89.2 
Edestin 11.50 | 260-262 | 4.27 | 4.25 3.23 3.20 73.5 
Horse Hb... 11.50 | 257-258 | 14.50 | 14.53 | 11.25 | 11.30 86.7 


* Discarded. 


tion of the bases. Aliquots of this fraction were tested for am- 
monia with Nessler’s reagent. The possible presence of arginine 
was tested for by the Sakaguchi reaction, which is positive in the 
presence of arginine in a dilution of 1:1,000,000 (13). -Uniformly 
negative results were secured. The determination of the amino 
N in this fraction was made by the method of Van Slyke (14). 
The values so obtained were multiplied by 3 and calculated for 
histidine N as per cent of total N in the protein. These figures 
and the corresponding Kjeldahl nitrogen values are listed in 
Table VI. The close conformity of the histidine fractions to these 
criteria of purity makes it evident that the nitrogen so reported 
is all in the form of histidine. 

Lysine N—Aliquots of this fraction from the different proteins 
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were submitted to estimation of the amino nitrogen according to 
the method of Van Slyke. The reaction was allowed to proceed 
for 30 minutes. The Sakaguchi and Nessler tests were both con- 
sistently negative. Since the precipitation of lysine by phospho- 
tungstic acid (15, 16) is not complete, being influenced by condi- 
tions of acidity, reagent concentration, and lysine concentration, 
experiments were made to determine the completeness of precipi- 
tation with an authentic specimen of pure lysine hydrochloride 
under standard conditions. The conditions adopted were total 
volume of test 10 ec., lysine N between 0.1 and 0.7 mg., phospho- 
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Fic. 3. Comparison of precipitability with phosphotungstic acid of N 
of lysine fractions and N of authentic lysine. O, authentic lysine; @, 
casein; @, edestin; ©, gelatin; ©, horse hemoglobin. 


tungstic acid in the ratio of 250 mg. per mg. of lysine N, acidity 
5 per cent sulfuric acid, 3 days in the ice box. After centrifuga- 
tion, the supernatant was analyzed by the Kjeldahl procedure. 
The results are shown in Fig. 3. 

Since the experimental solutions are filtrates from the histidine 
precipitate and hence contain HgCl:, the effect of the presence of 
this substance on the precipitation of lysine by phosphotungstic 
acid was investigated. The presence of 6.9 mg. of HgCl, in 10 
ec. of test solution completely prevented the precipitation of 
0.426 mg. of lysine N. This indicated the necessity of the removal 
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of Hg from the solutions prior to the phosphotungstic acid test. 
This was accomplished by the use of H.S, the excess of which was 
removed from the filtrate by a stream of nitrogen. The solutions 
were treated with phosphotungstic acid under the conditions 
noted above. The percentage of nitrogen precipitated in each 
instance is plotted in Fig. 3. The relation of these points to the 
solubility curve of the known lysine indicates that the nitrogen 
of the lysine fractions behaves as does the nitrogen of authentic 
lysine within reasonable limits of error. 

The data resulting from these confirmatory tests (Table V1) 
are interpreted as follows: The agreement of the amino N and 
Kjeldahl N figures indicates the absence of histidine, arginine, 
proline, and oxyproline within the limits of error of the methods 
used. Negative diazo and Sakaguchi tests confirm the absence 
of histidine and arginine. A negative Nessler test shows that, in 
the long reaction period required for the estimation of amino N, 
ammonia did not contribute to the nitrogen so determined. These 
tests, however, do not exclude the presence of the monoamino 
acids. If the nitrogen in the fraction is exclusively lysine, then 
phosphotungstic acid will precipitate all the nitrogen with the 
exception of that corresponding to the solubility of the lysine 
salt. Since the nitrogen in the lysine fractions of the different 
proteins investigated conformed to these tests, it is concluded that 
it is lysine nitrogen.‘ 

DISCUSSION 


In a comparison of the method presented with existing proce- 
dures two features will be discussed, ease of operation and preci- 
sion. As previously shown, the electrolytic method is free of all 
chemical or mechanical operations which make for loss of nitro- 
gen. The first electrolysis, which is the most time-consuming 
step, requires but little attention. Only one filtration, that of 
arginine flavianate, and one centrifugation, that of the histidine- 
HgCl. complex, are necessary. The transfers of liquid are kept 
at a minimum by the use of graduated vessels. 

The accuracy of the method is established from the analysis of the 
amino acid mixture. The precision determined by difference be- 


‘In this work no attempt has been made to differentiate between lysine 
and hydroxylysine (17). 














TaBLe VII 


Comparison of Errors of Various Methods for Basic Amino Acid Analysis 


of Proteins 


Maximum difference between ‘ , 
duplicates in terms of per cent Average yom ne between 
of total N in protein cuplientes 
N fraction 
onus Vickery Vickery 
Electro- Van — and Electro- Van —_ and ; 
lytic Slyke Block °Wr k-| lytic Slyke Block cowork- 
ers ers 
Arginine 0.09 | 1.27 | 0.65 0.9 0.04 0.73 0.52 0.7 
Histidine 0.08 0.93 0.20 0.5 0.04. 0.79 | 0.14. 0.47 
Lysine 0.10 | 1.23 | 0.24 0.5 | 0.05 | 0.61 | 0.15 | 0.32 


TaB.e VIII 
Comparison of Results of Protein Analysis by Electrolytic Method and 
Other Methods 


Distribution 1» per cent of tote; N 


Protein Method 
Arginine ' Tistidine Lysine 
Gelatin Electrolytic 11.62 1.14 10.08 
Van Slyke (15) 14.70 4.48 6.32 
- (18) 15.7 67 9.8 
= (19) 13.6 0.3 12.1 
Arginase (20) 15.68 
Flavianic acid (5) 16.45 
Diflavianate (11) 15.3 
Cattle fibrin Electrolytic 13.98 3.71 11.45 
Van Slyke (15) 13.2-14.3 3.9 10.8-12.0 
- (21) 10.91 4.36 12.05 
Arginase (20) 14.31 
Silver (22) 13.97 3.83 10.95 
Diflavianate (11) 14.8 
Casein Electrolytic 7.35 5.36 10.22 
Van Slyke (23) 7.40 6.2 10.3 
Arginase (20) 7.95 
Silver (2) 8.4 3.3 7.85 
ie 7.7- 8.2 3.2 7.73 
Diflavianate (11) 7.7 
Edestin Electrolytic 26.30 4.26 3.22 
Van Slyke (15) 26 .4-27.7 4.6-6.8 3.8 
Arginase (20) 26.7 
Silver (2) 26.85 3.0 2.59 
(4) 23 .8-27.4 2.6-3.0 2.2 
Diflavianate (11) 28.9 
Horse Hb Electrolytic 6.96 14.48 11.30 
Van Slyke (25) 7.8 13.0 11.1 
Silver (26) 6.40 12.40 9.30 
Diflavianate (11) 6.92 
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tween duplicate estimations is 0.05 for arginine, 0.00 for histidine, 
and 0.06 for lysine in terms of per cent of total N in the solu- 
tion. The reproducibility of results in the analyses of proteins 
approximates these limits. The comparison of the differences in 
duplicates found by this method and other procedures is given 
in Table VII, in which the maximal and average differences in the 
duplicate analyses of each constituent are listed. 

The largest reported differences are given by the method of 
Van Slyke (15). The precision calculations on the Block proce- 
dure are made from t! excellent critical study of this method 
by Tristram (2). When the various modifications and correc- 
tions worked out by Tristram are applied, this method has a 
precision second to the electrolytic procedure. The figures on the 
macromethod of Vickery and coworkers were computed from 
published data. “ 

The results obtained in the analysis of the various proteins by 
the electrolytic method are compared in Table VIII with those 
obtained by other methods. However, direct comparison of re- 
sults on the analysis of proteins is of questionable validity except 
where the source of the proteins is identical. Attention is directed 
to the difference in composition found in two samples of gelatin 
analyzed by the electrolytic procedure. 


SUMMARY 


A micromethod is presented for the determination of basic 
amino aci?s in hydrolysates of 0.5 to 1.0 gm. of protein. The 
procedure assed on the preliminary separation of these sub- 
stances fron. ‘he other products of protein hydrolysis by electrical 
transport. ‘This is followed by separation of arginine as the 
flavianate. The flavianic acid in the filtrate from this precipita- 
tion is removed by electrolysis. Histidine is precipitated as the 
mercuric chloride complex. Lysine is estimated from the residual 
nitrogen. Evidence is presented for the purity of these fractions. 

Analyses of some proteins by this method are presented and the 
results compared with those obtained by other methods. 


The author wishes to express his deep appreciation and grati- 
tude to Professor G. L. Foster for the helpful suggestions, con- 
structive criticisms, and encouragement given in the course of 
this work. 
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ON THE OCCURRENCE OF IRON-PORPHYRIN COM- 
POUNDS AND SUCCINIC DEHYDROGENASE IN MARINE 
ORGANISMS POSSESSING THE COPPER BLOOD PIG- 
MENT HEMOCYANIN 
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The process of oxygen utilization in mammalian tissues appears 
to proceed through a chain of iron-porphyrin compounds com- 
posed of hemoglobin, myoglobin, cytochrome oxidase, and the 
three cytochromes, a, b, and c. Certain marine organisms, how- 
ever, possess instead of hemoglobin a copper blood pigment, 
hemocyanin, which functions in a manner similar to the iron blood 
pigment (cf. Redfield (10)). It is of interest, therefore, to inquire 
whether these organisms are also lacking in those other iron- 
porphyrin compounds that form part of the respiratory chain in 
mammalian tissue. We have accordingly examined for iron-por- 
phyrin compounds various tissues of some of those marine forms 
possessing hemocyanin which are indigenous to the waters sur- 
rounding Woods Hole. We have also sought for the presence of 
succinic dehydrogenase in these same tissues, since this enzyme 
appears to be intimately bound up with the cytochrome system 
and the general respiratory cycle of mammalian tissues (12, 13). 


Methods 


With the exception of cytochrome oxidase, the iron-porphyrin 
compounds under consideration possess such well defined absorp- 
tion spectra that their detection in tissues is possible by direct spec- 
troscopic observation. Oxymyoglobin, according to Theorell (14), 
possesses absorption peaks centered at \ 582 and 542 my, while 
the non-oxygenated form has a relatively weaker band centered at 
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4555 my. The three cytochromes on the other hand absorb very 
strongly in the reduced state and but weakly in their oxidized 
form. Keilin (3) has located the main bands of reduced cyto- 
chromes a, 6, and ¢ at \ 605, 565, and 550 my respectively. We 
have, therefore, assumed that the observation of absorption bands 
in tissue whose positions approximate, both in the presence and 
absence of oxygen, those described here for myoglobin and the 
three cytochromes constitutes evidence for the presence of these 
compounds in the tissue under investigation. For the present 
purpose a hand spectroscope with an attached wave-length scale 
proved suitable, a carbon are lamp being used as a light source. 
Usually the tissue to be examined was placed between two micro- 
scope slides held between screw clamps, the thickness of the tissue 
being varied as suited the concentration of pigment encountered. 
If no bands were visible, the tissue was ground with sand, and 
dithionite (Na2S.O,) added to insure reduction of the cytochromes, 
and the observation repeated. The absence of hemoglobin in the 
preparations greatly facilitates the direct observation of the 
cytochrome bands in the untreated tissue. In fact the heart 
tissue of some of these organisms has proved to be the best un- 
worked material known to the authors for the demonstration of 
the cytochrome spectra. Myoglobin, except in one case, was 
usually present in such low concentration that the weak absorp- 
tion of its reduced form did not interfere with the observation 
of the reduced cytochrome bands. 

Succinic dehydrogenase was tested for by the ability of tissue 
preparations to catalyze the reduction of methylene blue by 
sodium succinate. The tissue to be investigated was ground with 
sand and an equal weight of water. The preparation was then 
centrifuged, the supernatant discarded, and the residue washed 
twice more in the same manner with water. The washed tissue 
was then well ground with 2 ml. of 0.1 m NasHPO, solution for 
each gm. of original wet tissue and allowed to stand for } hour 
in the ice box. It was then centrifuged briefly to throw down the 
sand and coarser tissue particles. The turbid supernatant was 
decanted off and employed for the test, which was run in evacuated 
Thunberg tubes. Each tube contained 2 ml. of 0.1 m phosphate 
buffer, pH 7.2, 0.5 ml. of the tissue preparation, and 0.3 ml. of 
0.004 per cent methylene blue. The side tube contained 0.2 ml. 
of 0.2 m sodium succinate or in the case of the control 0.2 ml. of 
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water. The tests and usually the preparation of the tissue were 
carried out at room temperatures (average 25°). In the case of 
the squid, however, it was necessary to prepare the tissue at ice 
temperatures in order to retard the rapid disintegration the tissues 
of this organism undergo when handled at room temperatures. 
The tissues of marine forms in general appear to be so much more 
susceptible to handling than mammalian tissues that no attempt 
was made to prepare fumarase-free succinic dehydrogenase by the 
treatment employed by Lehmann (7). The presence of fumarase 
in the preparation is without serious consequences for the purpose 
at hand. 

The direct spectroscopic observation of cytochrome oxidase in 
most tissues is not possible, either because of its low concentra- 
tion or because of the fusion of its absorption band with that of 
cytochrome a (cf. Keilin and Hartree (5)). The presence of the 
three cytochromes in tissue is a good indication, though, that 
cytochrome oxidase is also present. We have, however, chosen to 
attempt its detection enzymatically by testing the ability of 
tissue extracts to catalyze the air oxidation of reduced cyto- 
chrome c. The tissue extracts were the same as those prepared 
for the succinic dehydrogenase test, since this enzyme and the 
cytochrome system are found to accompany each other in this 
preparation. Cytochrome ¢c was prepared from beef heart by 
the method of Keilin and Hartree (4) and reduced previous to the 
test by dithionite. 


Results 


Limulus polyphemus (Horseshoe Crab)—The heart and yellow 
claw or skeletal muscles of this animal showed the absorption 
spectra of the three reduced cytochromes in their usual positions. 
The heart muscle was, however, the tissue richest in cytochrome 
content and it could be shown that the oxidation-reduction po- 
tentials of the three cytochrome components in this tissue 
decreased in the order a, c, 6 as found by Ball (1) for the cyto- 
chromes of mammalian heart. These same muscles were also 
found to contain succinic dehydrogenase. In the white skeletal 
muscle, however, neither cytochrome nor succinic dehydrogenase 
could be detected. Myoglobin does not appear to be a constit- 
uent of any of the muscles of this animal. 

Two other pigments of a hemochromogen nature have been 
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observed in this organism. One of these was found in the abundant 
clot formed when the blue blood of this animal is shed. Spectro- 
scopic observation of the hemocyanin-free clot showed that it 
contained a pigment with a sharp absorption band centered at 
\ 555 to 560 mu. The addition of a reducing agent, dithionite, to 
the ground clot caused the band to become more intense. The 
addition of an oxidizing agent, ferricyanide, caused the band to 
disappear completely and no new band was visible. The original 
band could be made to return, however, if the preparation was 
again reduced. The presence or absence of oxygen did not appear 
to affect the band. Attempts to concentrate this pigment were 
unsuccessful. It would appear likely that it is contained in the 
formed elements that are known to be enclosed within the clot. 
The clot possessed no succinic dehydrogenase activity. It thus 
appears that in the blood of this animal there occurs not only a 
copper blood pigment but also a pigment that possesses the 
properties of an iron-porphyrin compound. 

The other hemochromogen-like pigment was found in the glau- 
cous gray to green eggs of the female. Since the intact eggs were 
too opaque for observation, they were ground with water and 
centrifuged. The centrifuged material was composed of three 
fractions, a heavy white fat layer on top, an intermediate bright 
pink and turbid aqueous fraction, and a dark greenish precipitate. 
The aqueous fraction when examined with the spectroscope showed 
an absorption band lying in the region \ 620 to 630 mu. Removal 
of oxygen by evacuation caused no change in this band. If, 
however, dithionite was added, this band disappeared and a new, 
more intense band appeared located at \ 565 to 575 mu. This 
reduced compound is stable for hours in the absence of oxygen 
but as soon as oxygen is admitted its band immediately disappears 
and no bands at all are visible. The compound seems to be 
destroyed, since the further addition of dithionite will not restore 
the band. If, however, pyridine is now added, a strong absorp- 
tion band centered at \ 555 mu appears, indicating that a hemin 
group is still present. The instability of this pigment frustrated 
attempts to effect further purification. The bright pink color 
of the aqueous fraction is not caused by this hemochromogen 
compound. Another pigment which appears to be a conjugated 
protein is also present. This pigment shows no marked absorp- 
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tion bands and is unaffected by dithionite. It is precipitated 
from solution by the usual methods for protein precipitation. 
The prosthetic group, however, resisted all attempts to separate 
it from its protein carrier. 

The greenish water-insoluble residue from the eggs shows no 
sharp absorption bands. It, however, possesses properties that 
suggest its further investigation may be of interest. Treatment 
with acid causes an intensification of the green color, while addi- 
tion of alkali changes its color to yellow and causes the opaque 
residue to become quite transparent and sticky. If the original 
residue is extracted with 95 per cent alcohol, a clear orange-colored 
solution is obtained. Evaporation of the alcohol leaves a residue 
soluble in water from which an orange pigment may be extracted 
with chloroform. The water residue from the chloroform extrac- 
tion is light yellow and fluoresces strongly in a manner character- 
istic of the flavins. The presence of flavin in this solution is con- 
firmed by the fact that the pigment can be made to yield a 
lumiflavin derivative, soluble in chloroform. 

Busycon canaliculatum (Whelk)—This hemocyanin-bearing ani- 
mal is perhaps the most remarkable with regard to the presence 
of iron-porphyrin compounds of all those investigated. The 
radula muscles of this organism are so loaded with a red pigment 
that this tissue is as highly colored as mammalian skeletal muscle. 
The marked red color of these muscles in contrast to the bulk of 
nearly colorless foot muscles has been noted before by Dakin (2), 
and Mendel and Bradley (9) have established that the pigment 
responsible is an iron-porphyrin compound by the isolation of 
hemin crystals. The following properties of this pigment indicate 
that it is to be classed as myoglobin. The pigment may be 
readily extracted from the muscles by water. In the presence of 
oxygen it shows a strong absorption band at A 570 to 580 my 
and a weaker band at \ 540 to 545 mu. Removal of oxygen either 
by evacuation or addition of dithionite causes these bands to 
disappear and a new weak band appears at \ 560 mu. Partial 
purification of the pigment was effected by half saturation of the 
water extract of the muscles with ammonium sulfate. The 
precipitate which formed was centrifuged off and discarded. 
Saturation of the supernatant with ammonium sulfate precipi- 
tated the myglobin. This precipitate was centrifuged off, dis- 
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solved in water, and dialyzed in the cold until salt-free. The pre- 
cipitate which formed was removed, leaving a clear solution of the 
myoglobin. Attempts to crystallize the pigment by the method 
employed for mammalian myoglobin by Theorell (14) were un- 
successful. Further purification attempts were made difficult 
by the ease with which the pigment became denatured. 

Examination of the radula muscle residue left after the ex- 
traction of the myoglobin showed the three cytochromes to be 
present in low concentration. A test for succinic dehydrogenase 
was also positive. 

The heart of this animal was also found to contain myoglobin. 
Its concentration in this organ was, however, much lower than in 
the radula muscles. On the other hand the concentrations of the 
cytochromes in the heart muscle were much higher. Cytochrome 
oxidase and succinic dehydrogenase were both found to be present 
in this tissue. Other tissues were also examined but no appre- 
ciable concentration of iron-porphyrin compounds was noted. 

Homarus americanus (Lobster)—The heart, claw, and skeletal 
muscle of this animal were examined and found to contain cyto- 
chrome, cytochrome oxidase, and succinic dehydrogenase. The 
concentration of these constituents in the claw and _ skeletal 
muscles was, however, extremely low. Their concentration in the 
heart muscle was equal to that encountered in the other organisms 
examined in this study. Myoglobin was not detected in any of 
these tissues. 

Loligo pealii (Squid)——The tissues of this animal, which is the 
most active of the group examined, appear to be relatively rich 
in the cytochromes. We have observed the characteristic ab- 
sorption spectra of the three cytochromes in the following tissues, 
heart muscle, head and neck retractors, mantle, muscles surround- 
ing the mouth, sperm, and the nervous tissue behind the eve some- 
times designated as the olfactory organs. The main heart muscle 
shows the most intense cytochrome bands and it is ideal material 
for the demonstration of the cytochrome spectra, as the cyto- 
chrome b and ¢ bands are sharply differentiated. Myoglobin 
was not detected in any of the tissues examined. The heart 
muscle was rich in cytochrome oxidase and succinic dehydrogenase. 
The preparation of this tissue, however, for tests for these enzymes 
must be made at low temperatures. The only other tissue as- 
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sayed for these enzymes was the head and neck retractor muscles, 
in which low concentrations were encountered. 

Venus mercenaria (Quahog)—The occurrence of hemocyanin, 
though reported, in this organism is open to doubt. The body 
fluid possesses a faint bluish color suggestive of hemocyanin but 
we have not been able to convince ourselves that this pigment is 
actually present. Nevertheless we have found the heart and 
adductor muscles to contain iron-porphyrin compounds. The 
heart is the only tissue in which we have detected the cytochrome 
spectra. It also contains an appreciable amount of succinic 
dehydrogenase. The heart muscle also contains myoglobin which 
appears to be similar in properties to that found in Busycon canali- 
culatum. The adductor muscles contain a hemochromogen which 
resembles myoglobin. In the presence of oxygen a strong absorp- 
tion band at \ 575 to 585 my and a weaker one at \ 535 to 545 mu 
can be seen. On removal of oxygen or addition of a reducing 
agent these bands fade out and a clear sharp band at \ 560 mu 
appears. There remains a suggestion of a band in the region of 
\ 585 mu. The band of the reduced form at \ 560 my, however, 
appears to be much stronger than that given by Busycon myoglo- 
bin. The presence of succinic dehydrogenase in the adductor 
muscle is doubtful. 

Molgula manhattensis (Sea Squirt)—-The ascidians are reported 
(ef. Webb (17)) to possess a blood pigment in which the metal is 
vanadium rather than copper or iron. We have therefore included 
an ascidian, Molgula manhattensis, in our observations. This spe- 
cies is so small that a collection of its blood for a chemical test for 
vanadium is difficult. The ash of the whole animal minus the 
tunic has, however, given a weak test for this element. Animals 
from which the tunics were stripped and the intestines removed 
were examined spectroscopically. A weak band at \ 600 my and 
a broad faint band at \ 550 to 560 my were observed. Grinding 
of the tissue in the presence of air caused these bands to disappear. 
They could be made to reappear by the addition of a reducing 
agent. These bands therefore would appear to be due to the 
three cytochromes in which the b and ¢ bands overlap. The 
whole animal was also employed for preparation of succinic dehy- 
drogenase and gave a weak test for this enzyme. 

Arbacia punctulata (Sea Urchin)—Though this organism does 
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not contain hemocyanin, we have examined the eggs and sperm 
of Arbacia because a knowledge of their respiratory catalysts is of 
interest in view of the original finding of Warburg (15) that the 
fertilization of these eggs causes a marked increase in their oxygen 
consumption. We have found the sperm to be rich in cytochrome 
oxidase, the three cytochromes, and succinic dehydrogenase. 
Cytochrome a appears to be present in greater concentration than 
cytochromes b and c. The spectroscopic observation of the eggs 
is made difficult by the presence of echinochrome. However, 
if the eggs are ground with water, most of the color due to this 
pigment can then be eliminated by reduction with dithionite. In 
such a suspension no cytochrome bands can be detected. If the 
echinochrome is not sufficiently reduced, a band at \ 550 my due 
to this pigment may be confused with cytochrome c. Tests for 
cytochrome oxidase and succinic dehydrogenase in extracts of the 
eggs were negative. Though the eggs do not appear to contain 
detectable amounts of the cytochromes, they do contain an appre- 
ciable amount of a hemin, as can be shown by the addition of 
pyridine to a reduced egg suspension. A typical hemochromogen 
spectrum is then observed in the region \ 550 to 560 mu. In one 
experiment performed with the cooperation of Dr. Krahl, fertilized 
eggs were also examined for cytochrome with negative results. 
The amount of cytochrome introduced by the sperm is evidently 
insufficient to raise the concentration in the egg to a level that is 
detectable by the methods employed by us. 
DISCUSSION 

We have summarized our findings in Table I. The first four 
animals listed here definitely possess hemocyanin as a blood pig- 
ment. They also contain such iron-porphyrin compounds as 
myoglobin and cytochrome. It would therefore appear that the 
process of oxygen utilization in these organisms is similar to that 
in mammals except for the substitution of hemocyanin for hemo- 
globin. The reason for the utilization of copper instead of iron 
by these organisms to form their blood pigment can thus not be 
ascribed to the inability of these animals to utilize iron or to 
synthesize the porphyrin prosthetic group characteristic of the 
iron blood pigments. Why an animal like Busycon should employ 
hemocyanin for a blood pigment and yet possess muscles rich in 
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the pigment myoglobin, which is so akin to hemoglobin, is indeed 
puzzling. ‘To be sure, when hemoglobin does appear as the blood 
pigment, it is contained in a special blood cell. Hemocyanin with 
its greater molecular size does not appear to need such protection 
in the blood stream. ‘This may be the decisive factor here in the 
choice between the two blood pigments. It should be recalled, 
however, that iron-porphyrin blood pigments (erythrocruorins) 


TaBLe I 


Relative Concentrations of Certain Iron-Porphyrin Compounds and Succinic 
Dehydrogenase in Various Marine Forms 


Cyto- Cyto- Succinic 
Animal Tissue Myoglobin chrome | chrome | dehydro- 
oxidase a,b,¢ genase 
Limulus poly- Heart muscle -- ++ +4+++ 
phemus Claw “ —- + ++++ 
White . -- —_ + 
Busycon canali- Heart + + +? | Te 
culatum Radula muscles ft pe + Cane 
Homarus ameri- Heart muscle - +44) 4+4+4+4+) +4+4+ 
canus Claw - - + + + 
Loligo pealii Heart “* — t+ +444) +4+4+ 
Head and neck re- — + ++ + 
tractors 
Venus mercen- Heart muscle + ++ +++ 
aria Adductor muscle oa — + 
Molgula manhat- Whole animal _ + + 
lensis 
Arbacia punctu- | Sperm — [$44 3+ | $+ 
lata Eggs — + _ — 


High concentrations of components are indicated by +++-+, while 
failure to detect them by the methods employed is indicated by —. The 
sign + indicates that the enzymatic tests employed for detection of this 
component were so weak that its presence remains doubtful. 


whose molecular weights are similar to the hemocyanins are found 
in the cell-free blood of certain worms. 

It will be observed from the data given in Table I| that there is 
a rough parallelism between the occurrence of succinic dehydro- 
genase and the cytochrome system. This relationship can also 
be noted in mammalian tissues and is suggestive that the réle of 
this enzyme in the respiratory cycle is an important one, as sug- 
gested by Szent-Gyérgyi (13). 
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The marked difference in the cytochrome content of Arbacia 
sperm and eggs might lead one to postulate that the marked in- 
crease in Oxygen consumption of eggs on fertilization is due to the 
introduction into them of the cytochrome system by the sperm. 
It must be remembered, however, that Warburg (16) and Loeb 
and Wasteneys (8) have shown that a similar increase in O, 
consumption occurs in eggs artificially fertilized. Runnstrém (11) 
and Korr (6) believe that the increase of oxygen consumption on 
fertilization is due to an activation of a dormant cytochrome sys- 
tem already present in the egg, because cyanide is able to inhibit 
the respiration of the fertilized egg but not that of the unfertilized 
egg. Our inability to detect the cytochrome spectra in either 
fertilized or unfertilized eggs cannot be taken as evidence against 
this premise, since the concentration of these pigments may have 
been too low for detection but yet sufficient to play the réle 
assigned to them. However, our ability to detect the presence 
of hemin in these eggs raises the question whether an iron- 
porphyrin system other than the cytochrome system and which is 
also cyanide-sensitive may not be the active catalyst in the 
respiratory cycle of the fertilized eggs. 


SUMMARY 


Iron-porphyrin compounds were found in the tissues of four 
marine animals, Limulus polyphemus, Busycon canaliculatum, 
Homarus americanus, and Loligo pealii, whose blood pigment is 
hemocyanin. Cytochrome oxidase and the three cytochromes are 
present in the heart and some body muscles of all these organisms. 
Myoglobin is present in high concentration in the radula muscles 
of Busycon. All tissues possessing the cytochrome system were 
also found to be rich in succinic dehydrogenase. It is therefore 
concluded that the process of oxygen utilization in these organisms 
is similar to that in mammals except for the substitution of hemo- 
cyanin for hemoglobin. This substitution can therefore not be 
ascribed to the inability of these animals to utilize iron or to 
synthesize the porphyrin group characteristic of the iron respira- 
tory pigments. 

Two additional hemochromogens have been observed in Limulus 
polyphemus. One is present in the abundant clot obtained from 
the blood of the animal. Its reduced form possesses an absorption 
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band centered at \ 555 to 560 mu. The oxidized form shows no 
characteristic band. The other hemochromogen is present in the 
eggs of this animal. Its reduced form shows an absorption band 
centered at \ 570 my, while the oxidized form has a band centered 


at \ 625 mu. 
The eggs and sperm of Arbacia punctulata were also examined. 


The sperm was found to contain abundant cytochrome oxidase, 
cytochromes a, b, and c, and succinic dehydrogenase. Tests for 
these same compounds in the eggs were negative. Upon addition 
of pyridine and a reducing agent to a ground egg suspension a 
strong hemochromogen band centered at \ 555 my appeared, indi- 
cating that a hemin is, however, also a constituent of the eggs. 
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THE ENDOCRINE CONTROL OF LIPID METABOLISM 
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A distinctive feature of the lipid metabolism of the bird is its 
response to estrogenic activity (1, 2). The experimental stimu- 
lation of the ovaries with pregnant mare serum may more than 
double the lipid content of the blood of the immature bird. A 
rise in the lipid level also follows the injection of the ovarian hor- 
mone, estrogen. The effects of the latter are not confined to 
the female; a response was also observed in the male bird. Al- 
though it required several weeks for pregnant mare serum to 
produce a rise, increases in the lipid content of the blood were 
observed as early as 12 hours after the introduction of estrin. 

The present study deals with the effects of the following crystal- 
line preparations on the blood lipids of the bird: estrone, estradiol, 
estradiol benzoate, ethinyl estradiol, stilbestrol, progesterone, testos- 
lerone, and desorycorticosterone acetate. 


EXPERIMENTAL 


Single comb white Leghorn chickens of the Poultry Division 
stock were used. All birds were immature at the time they re- 
ceived injections. All preparations were administered by the 


* This investigation was supported by grants from the Committee on 
Research in Endocrinology of the National Research Council, and from 
the Research Board of the University of California. Assistance was also 
furnished by the Works Progress Administration (Official Project No. 
65-1-08-62, Unit A6). 
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intramuscular route. Unless otherwise stated, the total dose of 
material for each bird was divided into three equal parts and 
injected at three intervals: (1) between 9.00 and 10.00 a.m., 
(2) between 4.00 and 5.00 p.m. of the same day, and (3) again 
about 9.00 a.m. of the following morning. The crystalline com- 
pounds were dissolved in sesame oil. Estradiol solutions in two 
concentrations were used, 0.416 and 2.5 mg. per ce. All other 
estrogen solutions contained 2.5 mg. per cc. The solutions of 
progesterone and desoxycorticosterone acetate contained 10 mg. 
per cc.; the testosterone solution contained 8 mg. per ec. All 
control birds received 3 cc. of sesame oil, which was divided into 
three parts and injected at intervals similar to those employed 
for birds receiving the crystalline preparations. 

Blood was removed by heart puncture 48 hours after the first 
injection was made, and immediately thereafter the bird was 
sacrificed for examination of the genital tract. The methods 
employed for lipid analyses have been described elsewhere (3). 


Results 


Fifteen immature birds were used as controls for the various 
experiments described below. The values obtained for free and 
esterified cholesterol, phospholipids, total fatty acids, and total 
lipids are summarized in Table I. 

Estrone'—Each of the birds recorded in Table II received in- 
tramuscularly 5 mg. of estrone per kilo of body weight. A rise 
in the level of the blood lipids followed the administration of 
this amount of estrone, but the response varied considerably. In 
three of the birds, values for total lipids above 1000 mg. per 100 
ec. of whole blood were found 48 hours after the first injection. 
Values close to or above 800 mg. were observed in four birds. In 
a single bird (No. 83) the blood contained only 527 mg. of total 
lipids, but even this amount was more than 100 mg. above the 
average value observed in the control birds (Table I). 

Although increases were noted in phospholipids, neutral fat, 
and cholesterol, equal rises were not obtained in these three lipid 
constituents. Notable rises were found in the first two constit- 


1 The estrone employed in this investigation was generously furnished 
by Dr. J. F. Biehn of the Department of Clinical Research, the Abbott 
Laboratories. 
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TABLE I 


Summary of Blood Lipids of Control Birds* 


No. of 

birds ’ 

_— Weight 
sex 


gm. 


Maximum | 8, o” | 1100 : 


Minimum 820 
Mean 958 
Maximum | 7, @ 940 
Minimum 670 


Mean 795 


* All birds received a total of 3 cc. of sesame 


equal parts. 


Weight of repro- 
ductive tract 


Left gonad 


Oviduct 
Total 


gm. 100 
ce. 
132 
87 
109 
0.20 138 
0.07 90 
0.16 106 


TABLE II 


Cholesterol 


Effect of Estrone on Blood Lipids 


Injections* 
Bird = 
No. Weight 

and sex _ 
2 
2 

a 1.6 

gm. mg. | ce. 


727} 980 4.901.95 
730° | 760 3.801.538 
62 o |1020 =5.102.04 
71 c¢ | 830 4.101.68 
849 970 4.801.95 
83 9 930 4.601.85 
79 2, 920 4.601.85 
75 2 840 4.201.68 


*The amounts recorded were divided into three equal parts and ad- 
ministered at the intervals stated in the text. 
+ Corresponds to 5 mg. per kilo of body weight. 


Weight of repro- 
ductive tract 


Left gonad 
Right gonad 


Ss 
2 


to 
onrnm 


a) 


Noe se 


cososososs 
& 


—_ 
~I 


3|3 
6/6 
mg. 
gm. 0 
ce, 
206 
196 
207 
150 
0.96 134 
0.62 112 
0.67, 133 


0.61, 137 


i 


mg. 
per 
100 
ce, 
117 
106 
138 
101 
118 
64 
91 
107 


Cholesterol 


£3 Sys Ester 


69 | 


49 
16 
48 
42 
30 


S32 | Total fatty acids 


| Total fatty acids 


3 
8 


8S} 
8 S32 Phospholipid 


345 


279 


oil administered in three 


3 


1030 
910 
1133 
614 
700 


415 


713 
675, 


~I 


. = 3 S32 Residual fatty acids | 


2 & SS¥E | Total lipia 


| 
| 





i 


& S¥2 | Phospholipid 
8 S¥2 Residual fatty acids 


& S¥Z | Total lipid 
zn hocis 


wee 
~ 
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TaB_e III 
Effect of Estradiol on Blood Lipids of Domestic Fowl 


Inj Weight of reprod . 3 

dices | Welctectsmete | Cholesterol | 4 : 

3 - > 

Bird No. and - a? bo 
sex = Left & be = = | = 
ms & gonad te 5} 3 P = g 
asi. Se 2 eies/8'2\2)3/3 

Feise | Si¢@lel|Bl/6l/elgaia@iae|&hlale 

mg. mg. mg. mg mg. mg. mg 

gm. mg. cc. gm. gm, gm. gm, 00 00 100 100 0 100 pod 

ce. ec, cc. cc, cc. cc. ce. 

96 770 3.84 1.560.15 0.17 197, 97100 756 433 953 39 
97 860 4.30 1.741.10 1.10 152) 73. 79 571 325 723 295 
98 880 4.40 1.77 1.06 1.01 193 98 95 618 351 811 314 
ll¢d 630 3.14 1.260.21 0.16 217 125 92 551) 284 766 294 
99 Q 560 2.801.14 0.19 0.43. 189100 89 576 340 765 283 


10 9 800 4.00 1.62 0.25 0.62 170 88 82 342 512 
17 9 540 2.70 1.08 0.18 0.35 176 95 81 572 304 748 211 
18 9 560 2.80 1.14 0.17 0.37 163 86 81 490 324 653 217 


1.66 mg. estradiol per kilo 


Maximum 980 1.30)0.24)1.21 0.48 138119 80 341) 482 479 151 
Minimum § 770 0.1510.1610.13'0.33' 91 56 O 240 232 339 30 
Mean 912 0.62/0.2110.53/0.43 112 83 31 285 290 398 8&5 


0.83 mg. estradiol per kilo 


Maximum 1050 1.00'0.22}0.92:0.47 115 64 55 482 463 597 214 
Minimum | 600 0.52)0.150.410.36, 90 46 30 308 229 395 87 
Mean 775 0.70/0.17,10.6110.40 104 59 46 375 301 498 141 


* The amounts recorded were divided into two or three parts and in- 
jected at the intervals stated in the text. 
+ Corresponds to 5 mg. per kilo. 


uents listed above, whereas lesser responses were shown by free 
and ester cholesterol. 

Estradiol?—Estradiol was administered in three amounts: 
0.83 mg., 1.66 mg., and 5 mg. per kilo of body weight (Table III). 
The smallest and largest doses were divided in three parts and 


2 We are greatly indebted to Dr. Erwin Schwenk, Director of the Chem- 
ical Research Division of the Schering Corporation, for generous supplies 
of estradiol, estradiol benzoate, testosterone, progesterone, and desoxy- 


corticosterone acetate. 
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injected intramuscularly, as above. The 1.66 mg. dose was given 
in two parts. Blood was removed in all cases 48 hours after the 
first injection. 

No rise in blood lipids was obtained in the eight birds that 
received 0.83 mg. per kilo (Table III) nor in the eight that were 
injected with 1.66 mg. per kilo. A definite response, however, 
followed the administration of 5 mg. per kilo of body weight. 
The highest value was obtained in Bird 96, in which total lipids 
rose to 953 mg. per 100 cc. of whole blood. The response was 
quite similar to the response to estrone, in that the most signifi- 
cant lipid changes occurred in phospholipids and in neutral fat. 

Estradiol Benzoate?—FEsterified estradiol had a more pronounced 
action than the free diol (Table IV). Estradiol and estradiol 
benzoate were administered in molecular equivalents, 5 and 6.9 
mg. per kilo respectively. The maximum value for total lipid 
observed following the injection of 5 mg. of estradiol was 953 mg., 
whereas the maximum and minimum responses with molecular 
equivalents of the benzoate were 2261 and 1418 mg. per 100 ce. 
of whole blood. All lipid constituents rose with the benzoate, 
as with the free diol. 

Ethinyl Estradiol*—Each bird received 5 mg. per kilo; its effects 
on the lipid picture of the blood are recorded in Table IV. The 
rises produced by this compound are quite striking. In five of 
the eight injected birds, values for total lipid were above 1000 
mg. per 100 ec. of whole blood. The lowest value found for total 
lipid was 695 mg., as compared with the highest control value of 
487 mg. Significant rises occurred in all constituents examined; 
namely, cholesterol, phospholipids, total fatty acids, and neutral 
fat. 

Stilbestrol’\—This substance was administered in doses of 5 mg. 
per kilo; its effects are recorded in Table IV. The most marked 
response of the estrogens studied was obtained with stilbestrol. 
In four of the birds, values for total lipids were above 2000 mg. 
48 hours after the first injection. A rise was obtained in all lipid 


* Ethinyl estradiol was kindly supplied by Dr. R. C. Mautner of the 
Ciba Pharmaceutical Products, Inc. 

‘Stilbestrol (4,4’-dihydroxy-a,8-diethylstilbine) was kindly furnished 
by Dr. C. W. Sondern of the Research Laboratories of George A. Breon 
and Company, Inc. 
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TaBLe IV 
Effect of Estradiol Benzoate, Ethinyl Estradiol, and Stilbestrol on Blood 
Lipids of Domestic Fowl 


L 
— Weight of repro- . 3 
. | ( . = 
Injections dustice wnat *holesterol s g 
3 Z > 
Bird . = = = ber 
No. and Weight | 3 2 >| Big $ 
— § 5 oi & & a = § 
= = 2sieiz te Z o 3 z 
Bian Slisizeisi 2/2/38 | 21813 
= q — - fo) = o 
eiS6/ a Rio i/ela la |/ ae l/h) ae | & 


Estradiol benzoate (equivalent to 6.9 mg. per kilo) 


mog.' mg. mg. mg. mg. mg. mg. 
per per per per per per per 








gm. | me. | | 9m. | Om. | OM. | 100 | 100 | 100 | 100 | 100 | 100 | 100 
ce. ce, ce. ec. cc. ce. ce. 
57 o& | 360) =—-2.48'0.72 0.09:0.08 187 140 47 1670 705 1857 1191 
47 #@ | 460 3.170.93 0.11.10 179 133 46 1600 792 1779 1066 
58 co | 390 2.700.788 0.100.11 168 115 53 1250 647 1418 804 
40 #7 | 360 = 2.48)0.72 0.100.12 226 100 126 1850 647 2076 1352 
50 2 | 360 2.480.72 0.15 0.53 202 133 69 1813 785 2015 1268 
59 9 | 400  2.760.81 0.18 0.85 228 151 77 2033 745 2261 1507 
49 9 | 340 2.350.69 0.18 0.50 200 114 86 1830 757 2030 1290 
67 2 | 330 | 2.280.66 0.15 0.55 190, 139 51 1670 702 1860 1190 
Ethinyl estradiol (equivalent to 5 mg. per kilo) 
91%. 420 2.100.84 0.080.09 199 111 88 571 580 770, 123 
92 | 950 | 4.75)1.92 0.27/0.28 211, 105 106 767 428 978 403 
93 @ | 680 3.461.38 0.20)0.23 198 107 91 820 445 1018 456 
94 | 580 § 2.90/1.12 0.13)0.14 166, 80 86 529 307 695 260 
82 9 490 | 2.4610.99 0.20 0.64 192) 129 63 933 899 1125) 285 
13 9 520 2.601.05 0.16 0.66 230 109 121 880 451 1110 490 
95 9 800 4.00)1.62 0.22 1.00 227; 155 72 1300 695 1527 781 
29 9 430 2.150.87 0.11 0.60 254 122 132 1055 499 1309 625 
Stilbestrol (equivalent to 5 mg. per kilo) 
520% 830 4.151.65 0.46)0.46 208 134 74 1590 810 1798 984 
61 7 | 700 3.501.41 0.19'0.16 176 108 68 1080 845 1256 455 
60 @ 870 $.35)1.74 0.210.19 197 131 66 2360 762 2557 1795 
69 840) 4.20:1.68 0.1910.19 216 131 85 1455 465 1671 1077 
89 9 570 | 2.86)1.14 0.21 1.04 206 144 62 1952 795 2158 1365 
56 9 720 |) 3.60)1.44 0.27 1.15 199 148 51 1727 806 1924 1140 
: 64 9 | 620 | 3.10)1.23 0.23 0.91 212 154 58 18201140 2032 1014 
: 429 630 3.15)1.26 0.25 1.25 220 145 75 2210 680 2430 1692 


* The amounts recorded were divided into three equal parts and ad- 
ministered at the intervals stated in the text. 
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constituents; here again the most significant changes occurred in 
phospholipid and neutral fat. The effects produced in phospho- 
lipid are indeed striking. Thus the highest phospholipid value 
shown in the fifteen control birds of Table I was 330 mg., whereas 
48 hours after the first injection of stilbestrol Bird 64 contained 
1140 mg. of phospholipid per 100 ec. of whole blood. 


TABLE V 
Effect of Testosterone, Progesterone, and Desoxycorticosterone Acetate on 
Blood Lipids of Eight Birds 


Weight of reproductive Gy, sJesterol 
tract " 


Re- 
Weight Female Male Total Phos- l sid- 
of ; fatty pho: lipid ual 
bird al * ol = d F acids lipid | “P** | fatty 
a 3 @ | ., 2 |Total Free Ester acids 
26/3 28/65 
8 a | 5 8 “9 PI ¢ 
Testosterone (40 mg. per kilo) 
mg. mg. mg. mg. mg mg. mg. 
per per | per | per per per | per 
gm. | gm. | gm. gm. gm. | 100 | 100 | 100 | 100 | 100 | 100 | 100 
cc. ce. ce. ce. ce. ce. | &. 


Maximum... 570 0.260.230.600.50) 133 76 65 | 390 364 | 495 | 
Minimum 500 0.170.200.120.10 90 62 | 27 | 273 7 | 370) 43 
Mean 541 0.210.22/0.240.21| 105 68 37 | 336 275 | 440 | 137 


Progesterone (40 mg. per kilo) 


uo 
~I 
a 


Maximum... 600 0.240.25:0.20'0.14 146, 76 | 72 | 463 | 327 211 
Minimum 440 0.180.200.100.08 97 58 39 224 | 204 | 329 19 
Mean 501 0.200.240.120.11 120 67 | 53 | 364 | 291 | 484 | 129 


Desoxycorticosterone acetate (60 mg. per kilo) 


Maximum... 410 (0.160.12'0.150.15, 155, 90 | 78 | 506 | 390 | 649 | 156 
Minimum... 270 0.120.090.150.06 97 62 23 | 308 | 323 | 409 37 
Mean 313 0.140.110.090.09 133, 75 | 58 | 302 | 347 | 526 | 113 


Testosterone and Progesterone—-The effects of the administra- 
tion of crystalline preparations of these compounds are sum- 
marized in Table V. Despite the fact that amounts as large as 
40 mg. per kilo were injected, there occurred no significant changes 
in the levels of any of the blood lipid constituents. 

Desoxycorticosterone Acetate—Preliminary experiments, which 


mere 
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are not recorded here, failed to show any rise in the lipid level of 
cholesterol, total fatty acids, or phospholipids of the blood fol- 
lowing the injection of moderate doses of desoxycorticosterone. 
The results recorded in Table V show the effects of a very large 
dose; namely, 60 mg. per kilo. Even this amount failed to pro- 
duce a change in the content of any of the lipid constituents in 
the blood. 
DISCUSSION 

The observation, reported from these laboratories (2), that es- 
trogens have a pronounced effect on the lipid metabolism of the 
bird has been amply confirmed by various investigators (4-6). 
Zondek and Marx (4) obtained increases in the lipid content of 
the blood after the injection of estrone, estradiol benzoate, and 
stilbestrol. Their finding that estrone is less effective than stil- 
bestrol or estradiol benzoate is borne out by the results of the 
present investigation. Landauer ef al. (5) produced a rise in 
the lipid level of the blood of chicks with estradiol benzoate, 
whereas Riddle and Senum (6) have recently reported similar 
effects with estrone and dihydroestrone (estradiol) in normal and 
hypophysectomized pigeons. These workers also claimed a slight 
effect with desoxycorticosterone acetate, but in the present study 
no rise in the blood lipids was found even after the injection of 
60 mg. per kilo of body weight. 

The close relation between oviduct growth and blood lipid level 
in injected immature birds has been previously cited as evidence 
for the estrogenic nature of the blood lipid response (1, 2). In 
the present instance, in which all birds were autopsied 48 hours 
after the first injection, this relation was indeed striking. Even 
during this short interval oviduct growth had been stimulated 
appreciably, and oviducts as much as 8 times the average weight 
of those of the control birds were obtained. The closeness of the 
relation between the extent of this oviduct growth and the in- 
crease in blood lipid levels is clearly illustrated by the coefficient 
of correlation between oviduct size (expressed as percentage of 
body weight) and the total fatty acid content of the blood. This 
coefficient for the forty-seven females used had the highly signif- 
icant value of 0.91 + 0.03. 

The variation in response obtained with the estrogens used in 
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this investigation is worthy of note. No attempt was made to 
determine the minimum effective dose of the hormones; neverthe- 
less the results obtained show that the extent of their effects is 
not the same in the bird and in the rat. A positive blood lipid re- 
sponse was obtained by the injection of 5 mg. of estrone per kilo, 
an amount shown to contain 5000 (7) to 10,000 (8) rat units. The 
smallest dose of estradiol employed, namely 0.83 mg. per kilo, 
was also equivalent to 10,000° rat units; vet no response in the bird 
was obtained with twice this amount. 60,000 rat units of es- 
tradiol were required to effect a rise in total lipid to an average 
value of 741 mg. A difference in response is also evident between 
estradiol and estradiol benzoate. Estradiol benzoate was found 
more effective than estradiol in the bird. Thus the average value 
for total lipid observed after the injection of 6.9 mg. per kilo of 
estradiol benzoate was 1910 mg. per 100 cc. of whole blood; this 
value was approximately twice that observed after the injection 
of the molecular equivalent of estradiol. Since birds and mam- 
mals differ in their response to estrogens, it follows that an assay 
based on their effects in mammals can have no meaning for birds. 
Stilbestrol and ethinyl estradiol responded more like estrone 
than estradiol, and, although the correspondence may not have 
been exact, the accuracy of the rat unit method justifies no closer 
comparison at the present time. 


SUMMARY 


Crystalline preparations of steroid substances and of stilbestrol 
were investigated for their effectiveness in raising the lipid level 
of the blood of the chick. 

1. The estrogenic substances—estrone, estradiol, estradiol 
benzoate, ethinyl estradiol, and stilbestrol—increased the con- 
centration of total fatty acids, phospholipids, and cholesterol in 
thé blood. 

2. The most striking response was obtained with stilbestrol. 
Estradiol benzoate gave a more pronounced rise in the lipid con- 


5 Personal communication from Dr. E. Schwenk. Different investiga- 
tors have estimated the potency of estradiol as being from 2 to 12 times the 
potency of estrone (7,9). Thesame conclusion holds for the lowest estimate 
made; on the rat unit basis at least twice as much estradiol as estrone was 
necessary to produce a response in birds. 
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stituents of the blood than either its free alcohol or ethinyl 
estradiol. 

3. Testosterone, progesterone, and desoxycorticosterone ace- 
tate, even when administered in doses as high as 60 mg. per kilo, 
had no influence on the lipid level of the blood. 

4. When comparisons were made on the basis of rat units, 
estrone was more effective than estradiol in the bird. 
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THE FORMATION OF PHOSPHATIDES IN THE ORGANISM 
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(From the Departments of Biochemistry and Surgery, College of Physicians 
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(Received for publication, April 2, 1940) 


Investigations carried out during the last few years with radio- 
active phosphorus P}j as indicator have clearly shown that the - 
amounts of phosphatides newly formed from inorganic phosphate 
during a given period vary considerably for different organs (1-4): 
the highest percentage of labeled phosphatides is found in the 
liver and in the intestinal tract; the kidneys which are somewhat 
less active are next in order, followed by the eviscerated carcass 
and the brain. In a recent study from this laboratory (4) it was 
demonstrated that the intestinal tract and the liver contained 
considerably more newly formed lecithin than cephalin,' and the 
possibility of the formation in the body of cephalin from lecithin 
was discussed. 

The important question as to the seat and the mechanism of 
formation of the phosphatides in the organism made a study of the 
influence of partial hepatectomy on these processes desirable. 
The present paper combines a report on this problem with a 
continued investigation of the relative speed of synthesis of lecithin 
and cephalin in various organs of the normal organism. 


EXPERIMENTAL 
Material and Methods 
The radioactive phosphorus P? used was prepared by deuteron 
bombardment in the cyclotron. In one experimental series (Rats 


* This work has been supported by a grant from the John and Mary R. 
Markle Foundation. 
‘ The same relation appears to hold true for tumor tissue (5). 
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Hi and H2) radioactive phosphorus of much lower radioactivity 
was employed which had been prepared by the action of fast 
neutrons on carbon disulfide (4). The material was administered 
in the form of a neutral aqueous solution of NagH*PO,.? 

The radioactivity of the various phosphatide fractions isolated 
was measured in the dry state by means of a Geiger-Miiller counter 
as described previously (6, 4). It is expressed in KF units per 
mg. of P. 

The methods for the extraction and isolation of the phosphatides 
were, with the exceptions noted below, essentially the ones 
described in a preceding publication (4). 


Formation of Phosphatides in Rabbit 


In order to obtain the organ phosphatides in amounts sufficient 
for a more rigorous purification than is possible with the phospha- 
tides from one rat, the relative speed of formation of lecithin and 
cephalin in the various organs of the rabbit was studied. The 
animal (1550 gm.) received 144.1 mg. of NagH*PO,, dissolved in 
6 cc. of water, by subcutaneous injection; 6 hours later a second 
equal dose was injected. The total amount administered corre- 
sponded, therefore, to 63.0 mg. of *P with an activity (calculated 
on the same basis as the values given in Table I) of 89,500,000 KF 
units. The animal received no food during the experiment. 

24 hours after the first injection some blood was obtained from 
the animal by heart puncture. It then was killed and the liver, 
kidneys, intestinal tract, and brain were removed. In all experi- 
ments here described the intestinal tracts were washed with water 
before the extraction of the lipids. The organs and a portion of 
the skinned eviscerated carcass were mechanically ground, dehy- 
drated, and extracted by the method outlined previously (4). 

The lecithin fractions were in all cases, after removal of the 
alcohol-insoluble cephalin, converted into the double salts with 
CdCl, which were washed with cold ether and recrystallized from 
ethyl acetate-alcohol. The lecithin fractions were recovered in 
the usual manner after decomposition of the CdCl, double salts 
with a 20 per cent solution of dry ammonia in methyl] alcohol. 


? The asterisk before the symbol for an element indicates an unstable 


isotope. 
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In this experiment the brain protagon fraction was also isolated 
in order to obtain information about the rate of sphingomyelin 
formation. For this purpose the brain powder after removal of 
lecithin and cephalin with alcohol-ether was extracted with hot 
chloroform. To this extract the small amount of material insolu- 
ble in cold petroleum ether which had been obtained by chilling 
the solution of brain lecithin and cephalin in petroleum ether 
(cf. (4) p. 590) was added. The cerebroside-sphingomyelin mix- 
ture, prepared from the concentrated chloroform solution by 
precipitation with ether and reprecipitation with acetone, weighed 
21.1 mg. and contained 1.9 per cent P. 

From 26 cc. of blood (obtained by cardiac puncture) to which 
potassium oxalate had been added the blood cells were removed by 
centrifugation. The cells, dried with acetone and extracted with 
alcohol-ether in the usual manner, yielded only 1.3 mg. of mixed 
blood cell phosphatides. 

The results of this experiment are summarized in Table I. The 
mixed phosphatides from the blood cells had an activity of 250 KF 
units per mg. of phosphatide. The extremely small amount 
obtained prevented the performance of a phosphorus analysis, 
but on the assumption of a P content of between 3 and 4 per cent 
an activity value of 6300 to 8300 KF units per mg. of *P would 
result. As a comparison with the values given in Table I will 
show, this places the blood cells among the least active systems 
of the organism with regard to lipid turnover. 


Formation of Phosphatides in Rat 


In a preceding study (4) the relative speed of synthesis of lecithin 
and cephalin in the various organs of the rat was investigated with 
animals which had received radioactive phosphate of very low 
activity and had been kept on the ordinary laboratory diet during 
the utilization of the labeled phosphate. For purposes of com- 
parison with the experiments on partially hepatectomized rats 
which will be reported later in this paper it was desirable to obtain 
data on the utilization of ingested radioactive phosphate by the 
fasting rat. 

An adult albino rat (300 gm.) received 24.0 mg. of NagH*PO,, 
dissolved in 1 ce. of water, by stomach tube. 6 hours later a 
second equal dose was administered. The total amount fed cor- 
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responded to 10.5 mg. of *P with an activity (calculated on the 
same basis as the values given in Table I1) of 24,280,000 KF units. 
The animal which had fasted during the experiment was killed 


TaBLe | 
Relative Speed of Phosphatide Synthesis in Fasting Rabbit 


Minimum 
amount of 


Organ Phosphatide Weight Pp R... 8 newly formed 
; i ng Pet al 
phosphatide 
mg. percent KF units 
Intestinal tract Lecithin 128.1 | 3.3 | 171,800 12.1 
Cephalin 314.6 2.9 107,300 7.5 
Liver Lecithin 171.4 3.7 | 136,800 9.6 
Cephalin 338.6 |) 3.1 95 , 300 6.7 
Kidney Lecithin 22.5 | 3.5 69 ,000 1.9 
Cephalin 8.7 3.0 62,240 4.4 
Brain Lecithin 109.2 | 3.7 1,414 0.10 
Cephalin 72.1 | 4.0 2,030 0.14 
Sphingomyelin 21.1) 1.9 2,390 0.17 
Carcass Lecithin 542.1 3.4 16,900 1.2 
Cephalin 409.0 2.9 21,820 1.5 


* The spread of the individual counts was within about 3 per cent of the 
mean values given. 


Tas_e II 
Relative Speed of Phosphatide Synthesis in Fasting Rat 


Minimum 


Radio- amount of 
. a. a . ed newly formed 
Organ Phosphatide Weight I te Wp phosphatide, in 


per cent of total 
phosphatide 


mg. percent KF units 


Liver Lecithin 106.8 3.5 174,600 7.5 
Cephalin 18.0 3.5 | 148,900 6.4 
Intestinal tract Lecithin 26.0 3.2 | 123,000 5.3 
Cephalin 9.2 3.4 90 , 500 3.9 
Kidney Lecithin 19.7 | 3.5 52,170 2.3 
Brain ” 29.3 | 3.8 2,013 0.09 
Cephalin 14.8 | 3.6 6,165 0.27 
Carcass Lecithin 657.5 | 3.1 18,020 0.78 
Cephalin 298.8 | 2.9 15,220 0.66 


* The spread of the individual counts was within about 3 per cent of the 
mean values given. 
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24 hours after the administration of the first dose. The organs 
were removed and examined in the usual manner. The results of 
the experiment are contained in Table I]. The cephalin fractions 
from the kidneys are not included, since the amounts obtainable 
from one animal (between 1 and 2 mg.) were too small for accu- 
rate analysis. 


Formation of Phosphatides in Partially Hepatectomized Rats 

The operations were carried out on adult albino rats. The 
technique for the partial excision of the liver was in general similar 
to that described by Higgins and Anderson (7) and by Brues 


TaBLe III 


Partially Hepatectomized Rats 


Liver remnant Estimated per- 


7 Body weight Liver portion centage of liver 
Rat No. before operation removed a wee ky 
gm. gm, gm. 
H1 320 7.8 7.1 68 
H2 345 7.1 6.6 58 
H3 302 5.1 6.8 47 
H4 325 5.5 7.4 47 


et al. (8). The data on the animals used are summarized in 
Table III. From Rats H3 and H4 the entire left lateral lobes and 
somewhat more than half of the median lobes were removed. A 
slightly larger portion of the liver was excised from Rats H1 and 
H2 according to the technique of Brues et al. (8). The estimated 
percentage of liver removed given in the last column of Table III 
is an approximation based on the report of Higgins and Anderson 
(7) that in their observations the livers averaged 3.58 per cent of 
the body weights. 

The liver remnants of all animals used had the appearance of 
fatty livers. This is in agreement with the observations of 
Collip et al. (9). 

24 hours after the removal of part of the liver the animals 
received a solution of NagH*PO, by stomach tube. They were 
given no food during the experiment, but had free access to drink- 
ing water. The animals were killed 24 hours after the adminis- 
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Relative 


Rat 
No, 


Hl 


H2 


H3 


H4 


* The spread of the individual counts was within about 3 per cent of the 
mean values given. 
t No measurable activity. 
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Speed of Phosphatide Synthesis in Partially Hepatectomized Rats 


Organ 


Liver 
Intestinal tract 


Kidney 
Brain 


Carcass 
Li ver 
Intestinal tract 


Kidney 
Brain 


Carcass 
Liver 
Intestinal tract 


Kidney 
Brain 


Carcass 
Liver 
Intestinal tract 


Kidney 
Brain 


Carcass 


TaBLe IV 


Phosphatide 


Lecithin 
Cephalin 
Lecithin 
Cephalin 
Lecithin 
Cephalin 
Lecithin 
Cephalin 
Lecithin 
Cephalin 
Lecithin 
Cephalin 
Lecithin 
Cephalin 
Lecithin 
Cephalin 
Lecithin 
Cephalin 
Lecithin 
Cephalin 
Lecithin 
Cephalin 
Lecithin 
Cephalin 
Lecithin 
Cephalin 
Lecithin 
Cephalin 
Lecithin 
Cephalin 
Lecithin 
Cephalin 


Weight 


118.9 
18.1 
52.1 


40.0 
44.1 
19.4 
816.0 
306.8 
97.0 
17. 


53 


39 
45. 
17. 
982. 
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3.9 
2.8 
3.0 


nw 


Radio- 


activity* 
in 1 mg. 


KF units 


356 
285 
263 
t 
286 
t 
t 
56 
36 
189 
163 
163 


118 

+ 

+ 
20 
25 


), 482 
, 437 
5, 890 
5, 621 
, 726 


204 
525 


345 


697 


, 580 
,035 


928 


, 592 


898 
275 
882 


, 968 


947 


Minimum 
amount of 
formed 
*p phosphatide, in 
per cent of total 
phosphatide 


newly 


0. 


0. 
0. 


ee ~ eee 


2 
] 
A. 
1 
1. 
0. 





16 
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38 
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tration of the labeled sodium phosphate and examined in the 
usual manner. 

Rats H1 and H2 each received 23.6 mg. of NazgH*PO,, dissolved 
in 1 ce. of water by stomach tube; 7.e., in each case a total of 
5.15 mg. of *P of comparatively low radioactivity, viz. 119,500 
KF units. Rats H3 and H4 each received 96.0 mg. of NagH*PO,, 
dissolved in 2 cc. of water; t.e., in each case a total of 21.0 mg. of 
*P with an activity of 10,800,000 KF units. These activity data 
are computed on the same basis as the results of both experimental 
series which are summarized in Table IV. 


DISCUSSION 


The results reported in the first part of this publication concern- 
ing the relative speed of formation of lecithin and cephalin in the 
various organs of the body fully confirm the findings contained 
in a previous paper (4). In the intestinal tract and in the liver 
the amount of newly formed lecithin considerably exceeds that of 
new cephalin. The number of molecules of both phosphatide 
types synthesized in different organs during the experiment de- 
creases in the same order; viz., liver, intestinal tract, kidneys, 
eviscerated carcass, brain. The amounts of newly formed phos- 
phatides obtained from the liver and the intestinal tract are of the 
same order of magnitude, the liver usually containing somewhat 
more. Whether the reversal of this order in the rabbit experi- 
ment reproduced in Table I is of significance cannot be said. 

There appears to be one organ in which more new cephalin is 
found than lecithin, namely the brain. This organ shows an 
extremely low metabolic activity with regard to the phosphatides, 
if the rate at which radioactive phosphorus appears in its fractions 
is taken as a measure. With highly radioactive phosphate prepa- 
rations, however, as used in most of the experiments here discussed, 
it is possible to measure the radioactivity of the brain lipids with 
sufficient accuracy. An inspection of the results reproduced in 
Tables I, II, and IV shows that the brain cephalin in practically 
all cases had a somewhat higher radioactivity than had the brain 
lecithin fractions. These results, if significant, would point to 
a certain autonomy of the central nervous system with regard to 
lipid metabolism. The small amount of newly formed sphingo- 
myelin found in the preparation from rabbit brain (Table I) brings 
this phosphatide in line with the other brain phospholipids. 














512 Phosphatide Formation 


For a consideration of the effect of partial hepatectomy on the 
phosphatide metabolism it is perhaps advisable first to compute 
the percentage of radioactive P fed which was recovered in the 
form of phosphatides in the various cases. From the data on 
the radioactivity of the different fractions contained in Table IV 
it can be calculated that approximately 3.4, 1.7, 0.4, and 0.5 per 
cent of the radioactive phosphorus administered were recovered 
from Rats H1, H2, H3, and H4 respectively in the form of purified 
phosphatides. This has to be compared with recoveries of 4.7 
per cent (Table I) and 5.6 per cent (Table II) in the normal ani- 
mals examined. 

The first conclusion to be drawn from these experiments, there- 
fore, is that the ability of the organism to synthesize phosphatides 
is to a certain extent impaired by the removal of a portion of the 
liver. Whether this relative impairment extends to phosphorus 
metabolism in general is uncertain. It may be that during the 
period of liver regeneration which is known to proceed at an extra- 
ordinary rate ((7, 8); cf. also (10, 11)) a larger proportion of the 
available phosphorus compounds is mobilized for restorative tasks. 

The second conclusion made possible by these experiments is 
that the rate at which new phosphatide molecules are synthesized 
by the various organs is more affected by hepatectomy in those 
organs which normally have the most active lipid metabolism 
(liver and intestinal tract) than in the rest of the organism. 

The third conclusion is that the profound disturbance of phos- 
phatide metabolism produced by the partial removal of the liver 
is accompanied by a blurring of the normal differences between the 
rates at which lecithin and cephalin are synthesized in the liver 
and the intestinal tract. 

It should, in this connection, be remembered that choline has 
been found to be without effect on the fatty livers produced by 
partial hepatectomy (12). Since, whenever choline is to be uti- 
lized for the synthesis of phospholipids, esterification with phos- 
phorie acid will have to take place in one of the phases of the reac- 
tion, the failure of choline to influence the fatty livers due to 
partial hepatectomy, together with the effect of this operation on 
the phosphatide metabolism discussed here, seems to point to a 
decreased ability of the injured liver to effect phosphorylation. 
It has been pointed out elsewhere (13) that the metabolism of 
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cholinephosphoric acid as well as that of free choline will have 
to be considered for a proper formulation of the mechanism of the 
disturbances of lipid metabolism. 

The experiments presented here are in harmony with the views 
expressed in a previous communication (4) concerning the possible 
mechanism of formation of the body phosphatides. If a common 
origin for the two main phosphatide types is to be assumed, the 
formation in the organism of cephalin from lecithin by demethyla- 
tion appears plausible. The opposite reaction, viz. the physio- 
logical methylation of cephalin to form lecithin, is highly unlikely 
on the basis of the results described elsewhere (4), as well as of 
those presented in the first part of this paper. As corroborative 
evidence the inability of the body to convert ethanolamine into 
choline may be cited, as shown by the failure of ethanolamine to 
replace choline in the prevention of fatty livers (14). Of interest 
in this connection is the fact that ethanolamine has been found 
unable to support growth when homocystine instead of meth- 
ionine is fed (15). 

It is not possible here to go into the question of the function 
and of the seat of formation of the body phosphatides. Discus- 
sions of various phases of this topic will be found in papers cited 
(2, 16-18) and in several recent papers from this laboratory. It 
appears likely that phosphatides are synthesized in the body in a 
number of places simultaneously. The results of the experiments 
concerning the effect of partial hepatectomy on the formation of 
phosphatides discussed above would seem to point in this direction. 


The authors are highly indebted to Dr. J. R. Dunning of the 
Department of Physics of this University and to Dr. E. O. 
Lawrence of the Radiation Laboratory of the University of Cali- 
fornia for the radioactive phosphorus used in these experiments. 
The assistance rendered by Mr. B. Kress and Mr. A. Bendich is 
gratefully acknowledged. 


SUMMARY 


The relative speed of formation of lecithin and cephalin in vari- 
ous organs of normal and partially hepatectomized animals was 
examined by means of the radioactive phosphorus isotope. ‘The 
removal of part of the liver produced a considerable disturbance 
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of phosphatide metabolism. Some of the biological implications 
of the findings are discussed. 
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Aminoethylphosphorie acid, NH2eCH2,CH,OPO(OH)s, was first 
isolated from bovine malignant tumors by Outhouse (1). Since 
benign tumors and a number of normal tissues did not yield this 
compound, it was thought to be specific for malignant tumor tissue. 
Recently, however, Colowick and Cori (2) reported the isolation 
of the acid from the small intestine of rabbits and pigs. 

The possible relationship of this compound to the metabolism 
of phosphatides, particularly to that of cephalin, is obvious. It 
may be significant that it appears to be present in largest amounts 
in tissues in which the phosphatide metabolism is extremely 
vigorous. 

The biological function of aminoethylphosphoric acid could be 
that of an intermediate in the synthesis of phosphatides by the 
organism, or that of a breakdown product of the phosphatides. 
Very little is known about the mechanism by which phospholipids 
are formed in the body. A study of the utilization of amino- 
ethylphosphoric acid appeared, therefore, of interest. For this 
purpose a preparation was employed which contained the radio- 
active phosphorus isotope Pij. The present paper gives a report 
on the conversion of this compound into phosphatides in different 
organs. Some data on tumor-bearing animals are included. 


EXPERIMENTAL 
Synthesis of Radioactive Aminoethylphosphoric Acid 
A method for the preparation of radioactive phosphorus oxy- 


chloride, involving the conversion of *P into *PCl; and the oxida- 


* This work has been supported by a grant from the John and Mary R. 
Markle Foundation. 
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tion of the latter to *POCI;, has been briefly reported elsewhere 
(3)... In the present work it was prepared from radioactive phos- 
phate by means of the following reaction. 


Ag;*PO, + 3PCl, = 4*POCI,; + 3AgCl 


Radioactive sodium phosphate was converted into the silver salt. 
To 6.89 gm. of dry Ag;*PO, (0.016 mole) in a bomb tube 11.2 gm. 
of powdered PCI, (0.054 mole) were added. The sealed tube was 
heated to 130° for 10 minutes. The *POCI]; which had formed at 
that time was refluxed for a few minutes by careful heating with 
a microburner in order to break up the AgCl lumps. The radio- 
active phosphorus oxychloride was finally purified by distillation 
in vacuo into a trap cooled with solid CO... It weighed 8.15 gm. 
(yield, 83 per cent). 
The barium salt of radioactive aminoethylphosphoric acid was 
synthesized according to Outhouse (1). 
Analysis—C,H,O,N*PBa. Calculated. P 11.2, N 5.0 
276.4 Found. * a a2 


For the metabolism experiments this preparation was converted 
into the sodium salt. 


Methods 

The radioactivity of the various phosphatide fractions discussed 
later in this paper was determined in the dry state by means of a 
Geiger-Miiller counter according to the method generally used in 
this laboratory (4, 5). The urine samples were concentrated, and 
the phosphorus, after acid digestion, precipitated as the ammonium 
molybdate complex. The weighed precipitates were dissolved in 
NaOH solution and their radioactivity was determined in solution 
by means of the technique previously described (4). The amount 
of radioactive phosphorus accumulated in the livers and tumors 
of the tumor-bearing animals was likewise determined in solution 
after digestion of weighed tissue portions with a mixture of nitric 
and sulfurie acids. All activities are expressed in KF units per 
mg. of *P (4). 

As usual, all radioactivity measurements were accompanied by 


1 The asterisk before the symbol for an element indicates an unstable 


isotope. 
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standard measurements in order to correct for the decay of the 
unstable phosphorus administered to the animals and to express 
the activity counts in terms of the radioactive preparation em- 
ployed. The standards consisted (a) for the measurements in the 
dry state, of a suspension of the radioactive aminoethylphosphate 
preparation in vegetable lecithin, (b) for the measurements on the 
phosphomolybdate solutions, of a similar solution of the am- 
monium phosphomolybdate complex prepared from the amino- 
ethylphosphate, (c) for the measurements on the acid digests of 
organs, of an aqueous solution of the aminoethylphosphate. 
The methods for the extraction and isolation of the phosphatides 
were essentially the same as in previous publications (5, 6). 


Metabolism of Aminoethylphosphoric Acid 


Two adult rats (body weight 270 and 295 gm. respectively) 
each received 80 mg. of disodium aminoethylphosphate, dissolved 
in 2 ee. of water, by subcutaneous injection; 7.e., in each case a 
total of 13.4 mg. of *P with an activity of 300,000 KF units 
(calculated on the same basis as the figures given in Table I). 
The animals, which received no food for 24 hours prior to and 
during the experiments, were killed 24 hours after the administra- 
tion of the radioactive material and examined in the usual manner. 
The results of the experiment are summarized in Table I. The 
lecithin and cephalin fractions of the brain are not included, since 
they showed no measurable radioactivity. As stated before (6) 
the amount of cephalin obtainable from the kidneys of one rat 
does not suffice for activity measurement and analysis. Data 
on the amount of *P excreted in the urine will be found later in 
this paper. 


Utilization of Aminoethylphosphoric Acid by Tumor-Bearing 
Animals 


A few orienting experiments were carried out concerning the 
metabolism of aminoethylphosphoric acid in tumor-bearing rats. 
Two adult rats with well developed carcinomas® (body weight 282 


? Carcinoma of the rat breast (No. 2426) which had been transplanted 
into animals of the inbred strain in which the tumor arose. We wish to 
thank Dr. W. H. Woglom of the Institute of Cancer Research of this Uni- 
versity for the animals used. 








Rat 
No. 





TaBLe [| 


Formation of Phosphatides from Aminoethylphosphoric Acid 


Minimum 


Radio- amount of 
activi- newly formed 
Organ Phosphatide Weight P ty* in| phosphatide, 


l mg. | in per cent of 
*P total phospha- 


tide 

per | KF 

—e cent units 
Liver Lecithin 120.3 3.9 1630 7.3 
Cephalin 14.9; 3.7 780 3.5 
Intestinal tract Lecithin 13.7 | 3.2 800 3.6 
Cephalin 21.2 | 2.9) 690 3.1 
Kidney Lecithin 19.2 | 3.8 | 590 2.6 
Liver ai 124.3 3.5 1470 6.5 
Cephalin 8.0 3.6 870 3.9 
Intestinal tract Lecithin 30.8 | 3.3 940 4.2 
Cephalin 2.6 3.0 420 1.9 
Kidney Lecithin 21.7 3.6 620 2.8 


* The spread of the individual counts was within about 3 per cent of the 
mean values given. 


TABLE II 


Accumulation of *P Originating from Aminoethylphosphoric Acid in 


Liver 
Tumor 


Rat No. 


Tumor Rats 


*P in 1 gm. fresh tissue 


Organ 
Rat 3 Rat 4 
mg. mg. 
0.0601 0.0680 
0.0365 0.0431 
TaB.e III 
Phosphatides from Tumor Rats 
Minimum 
—— of , 
, > Radioactivity* | "€¥ , 
Orn Wechsler” mae 
total phospha- 
tide 
mg. per cent KF units 
Liver 24.5 3.4 1490 6.6 
Tumor 4.2 3.2 1190 §.3 
Liver 4.9 3.4 1350 6.0 
Tumor 26.8 3.4 960 4.3 


* The spread of the individual counts was within about 3 per cent of 


the mean values given. 
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and 223 gm. respectively) received the same amount of radioactive 
aminoethylphosphoric acid as the normal animals discussed in the 
preceding paragraph; t.e., each animal was given a subcutaneous 
injection of 13.4 mg. of *P with an activity of 300,000 KF units, 
contained in 2 cc. of water. The animals, which were fasted for 
24 hours prior to and during the experiment, were killed 24 hours 
after the administration of the radioactive material. The livers 
and tumor tissues were removed. A portion of each organ was 
destroyed with acid and the total accumulation of *P determined 
by measurement of the radioactivity, as described above; the 
phosphatides were prepared from the remaining tissue in the usual 
manner. The amounts of *P originating from the radioactive 


TaBLe IV 
Excretion of *P in Urine after Administration of Radioactive Aminoethyl- 
phosphoric Acid 


Collection of 


specimen; time *P in total P 


Rat No. a. Total P excreted *P excreted enanhed 
material 

hrs. mg¢. mg. per cent 

l 8 12.5 3.91 31.2 

18 9.1 0.67 7.4 

2 8 11.7 3.93 33.7 

3 8 9.1 3.27 35.9 

4 8 ° . 33.6 


* Partly lost by accident. 


aminoethylphosphate which were contained in the liver and tumor 
tissue 24 hours after the administration of the material are com- 
pared in Table II. 

The relative activities of the phosphatide preparations from the 
tumor and liver of the animals are given in Table III. These 
values are strictly comparable to the figures given in Table I. 
No attempt was made in this case to separate the ether-soluble 
phosphatides into their components, since only portions of the 
tissues were available for examination. 


Excretion of Radioactive Phosphorus in Urine 


The excretion of *P in the urine specimens collected within 8 
hours after the administration of radioactive aminoethylphos- 
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phoric acid was followed in all animals. The preparation of the 
material for the activity measurements has been described above. 
In the case of Rat 1 a subsequent 10 hour specimen was likewise 
examined. The results of this experiment are summarized in 
Table IV. 

DISCUSSION 

The most striking result of the experiments reported here is 
that the body apparently is unable to utilize aminoethylphosphorie 
acid as such for the synthesis of cephalin. The relative amounts 
of lecithin and cephalin newly formed in the liver and the intestinal 
tract, given in Table I, indicate that the new lecithin exceeded 
the new cephalin to an even higher degree than when inorganic 
phosphate was administered (5, 6). 

The utilization of aminoethylphosphoric acid for the synthesis 
of phosphatides in the body could proceed along one of the follow- 
ing lines: (1) Aminoethylphosphoric acid combines with a di- 
glyceride to form cephalin. (2) Aminoethylphosphorie acid is 
first methylated to cholinephosphoric acid which in turn combines 
with a diglyceride to form lecithin. (3) Aminoethylphosphorie 
acid is first split into ethanolamine and phosphoric acid, and the 
latter used for the synthesis of lecithin. Reaction 1 is made ex- 
tremely unlikely by the experiments here described in which much 
larger amounts of newly formed lecithin than cephalin were found. 
Reaction 2 cannot be excluded on the basis of the present experi- 
ments, although the failure of ethanolamine to replace choline 
as lipotropic (7) or dietary (8) agent would seem to speak 
against it. The most likely assumption, for the time being, is 
that expressed in Reaction 3. Enzymes which hydrolyze amino- 
ethylphosphorie acid have been found in kidney and feces (9), 
and the occurrence in liver of an enzyme which splits cholinephos- 
phorie acid has been made probable (10). The simplest series of 
reactions would, therefore, appear to be enzymatic hydrolysis of 
aminoethylphosphoric acid in the tissues, utilization of the inor- 
ganic phosphate for the synthesis of lecithin, demethylation of 


* Under the conditions of the experiments the amount of methionine 
available to the animals must have been very small. It would be of interest 
to determine whether in the presence of a methyl group donor like methio- 
nine more lecithin is formed from aminoethylphosphoric acid. 
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lecithin to form cephalin. The aminoethylphosphoriec acid nor- 
mally occurring in the body tissues probably is the product of the 
catabolism of cephalin. 

One other point appears noteworthy; viz., the large amount of 
radioactive phosphorus excreted in the urine during the first 8 
hours of the experiment (Table IV). In this time more than a 
quarter of the radioactive phosphorus administered had passed 
through the kidneys. There was no difference in this respect 
between the normal and tumor-bearing animals. As can be seen, 
a high percentage, about one-third, of the total phosphorus ex- 
ereted was radioactive phosphorus which came from the amino- 
ethylphosphoric acid. During the next 10 hours the concentration 
of radioactive phosphorus dropped to 7 per cent of the total 
phosphorus eliminated. 

The experiments on the metabolism of aminoethylphosphoric 
acid in tumor-bearing animals provide no basis for the assumption 
of a specific function of this compound in malignant growth. The 
liver showed a faster rate of phosphatide turnover and of total 
phosphorus uptake than the tumor (Tables II and III). A com- 
parison of Tables I and III will, however, show that tumors belong 
to the most active tissues with regard to the formation of phospha- 
tides from aminoethylphosphoric acid. This has been demon- 
strated before, as far as the utilization of inorganic phosphate is 
concerned (11, 12). 


The authors would like to express their gratitude to Dr. J. R. 
Dunning of the Department of Physics of this University and to 
Dr. E. O. Lawrence of the Radiation Laboratory of the University 
of California for the radioactive phosphorus used in the experi- 
ments here described. They are indebted to Mr. B. Kress for 
general assistance. 


SUMMARY 


Experiments on the metabolism of radioactive aminoethyl- 
phosphoric acid indicate that this compound is not directly utilized 
for the synthesis of cephalin. After its administration to rats 
more newly formed lecithin than cephalin is found both in the 
liver and the intestinal tract. The bearing of the findings on the 
theory of phosphatide metabolism in the body is discussed. 
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Experiments with tumor-bearing animals fail to demonstrate a 
specific function of aminoethylphosphoric acid in malignant 
growth. It is considered as a normal breakdown product of 


cephalin. 
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THE NUCLEIC ACID CONTENT AND DISTRIBUTION IN 
STREPTOCOCCUS PYOGENES* 


By M. G. SEVAG, J. SMOLENS, ann DAVID B. LACKMAN 


(From the Department of Bacteriology, School of Medicine, University of 
Pennsylvania, Philadelphia) 


(Received for publication, April 4, 1940) 


Nucleic acids conjugated with proteins are an essential part of 
the nuclei of all animal and plant cells (2). They are present so 
far as is known in all bacteria and viruses; indeed the smaller 
viruses, which appear to be the simplest entities having the essen- 
tial attributes of life (3), appear to be pure nucleoproteins (4). 

Nucleic acids, which exhibited serological reactivity by giving 
precipitates with certain antipneumococcal horse sera and with 
one rabbit antistreptococcal serum, have been isolated for the first 
time from $-hemolytic streptococci of Lancefield’s Group A 
(Streptococcus pyogenes) (5, 6). While the nature of this sero- 
logical activity of nucleic acids is being investigated, we present 
here some data on their distribution in streptococci of several 
types and variant phases. 


Determination of Nucleic Acids in Streptococci 


At the start of this work a satisfactory method for the quantita- 
tive determination of nucleic acids in bacteria was lacking. At- 
tempts to extract the nucleic acids with dilute alkali were not only 
incomplete but also involved tedious and complicated manipula- 
tions. Streptococci washed three times with distilled water were 
dried and total phosphorus was determined by the colorimetric 
method of King (7), the purine nitrogen by the method of Graff 
and Maculla (8), and total nitrogen by the micro-Kjeldahl method. 
These analytical results were irregular, as values varied from cul- 


* This work has been supported by a grant from the Commonwealth 
Fund. It was communicated to the Third International Congress of 
Microbiology, New York, September, 1939 (1). 
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ture to culture. It was evident that in washing the centrifuged 
culture sediments with distilled water, extraneous materials, such 
as inorganic phosphates, were not completely eliminated. 

With the above procedure the average of the duplicate analyses 
of each of six different washed and dried culture sediments of 
Type 6 (Strain 1048M) streptococci gave the following range of 
results: 1.65 to 2.34 per cent phosphorus, 1.15 to 2.05 per cent 
purine nitrogen, 11.1 to 14.3 per cent total nitrogen. Analytical 
results of the other types of organisms within Group A showed 
similar irregularities. 

Extraction of Streptococci with Acidulated Alcohol—The above 
preliminary experiments convinced us that the fresh culture sedi- 
ments contained a varying amount of certain phosphorus com- 
pounds (organic and inorganic) in excess of the nucleic acid phos- 
phorus, and varying amounts of other inorganic salts. The bac- 
terial sediment from 5 liters of broth culture grown for 16 hours 
was washed once with distilled water, then suspended in 250 ce. 
of 95 per cent alcohol which contained 0.5 ce. of concentrated 
hydrochloric acid, and shaken mechanically for 30 minutes. The 
sediment was then centrifuged and the above treatment repeated 
twice. After the third washing the sediment was extracted with 
ether and dried, first at 56°, and then at 110°, before analysis for 
phosphorus, purine nitrogen, and total nitrogen. 

Analysis of Alcoholic Extracts—The acidulated alcoholic extracts 
were neutralized and evaporated to dryness over a water bath. 
The residues were taken up in a volume of 25 cc. of distilled water 
and analyzed for total and inorganic phosphorus, and total nitro- 
gen. In two experiments with two different cultures of Type 6 
(Strain 1048M) streptococci, respectively 1.25 and 1.60 mg. of 
nitrogen, and 0.74 and 0.67 mg. of total phosphorus were found 
in the extract, per 100 mg. of dry organisms extracted as described. 
Of these phosphorus values 0.4 and 0.37 mg., respectively, were 
inorganic phosphorus. In two similar experiments alcoholic ex- 
tracts of Type 1 (Strain 1685M) organism respectively contained 
1.42 and 1.87 mg. of nitrogen and 0.51 and 0.63 mg. of total phos- 
phorus per 100 mg. of extracted organisms. Of this phosphorus 
0.31 and 0.36 mg., respectively, were inorganic phosphorus. 

Therefore it appeared that the organisms washed with distilled 
water contained acid alcohol-extractable material which in Strain 
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1048M had 1.25 to 1.60 per cent N, and in Strain 1685M had 
1.42 to 1.87 per cent N. 

The alcoholic extract on evaporation to dryness at 110° without 
the neutralization of the acid yielded total solids ranging between 
10 and 12 per cent. The extracted material on drying at 110° 
assumed a charred, dark brown appearance and had a pungent 
odor. The data thus obtained with four different strains are 
given in Table I. 

Analysis of Streptococci Extracted with Acidulated Alcohol—The 
extracted organisms were dried at 110° and 8 to 10 mg. were used 
for the determination of phosphorus, 10 to 12 mg. for total nitro- 
gen, and about 20 mg. for purine nitrogen. Determinations on 


Tase I 
Alcoholic Extraction of Streptococci 


Weight of extracted Weight of extract dried Extractable material 
at 110° i 


Strain No. whole or dried in whole organisms 
mg. mg. per cent 
1048M 1045 142 12 
1685M 455 61 12 
C203R 250 28 10 
B;R 500 53 10 


At present we are not in a position to state how much of the extractable 
material is actually a part of the whole organism and therefore we have 
not made any correction for this material in the data presented in Table IT. 


each sample were carried out in duplicate, and the values reported 
constituted the averages of the duplicate determinations, which 
in all cases tabulated agreed with each other within 3 per cent. 
From the values presented in Table II it can be seen that the ratio 
of purine nitrogen to phosphorus approximated that of the theo- 
retical ratio for nucleic acids. 

In presenting this observation we are not assuming that all the 
phosphorus in streptococci is present in nucleic acid. In fact we 
have obtained from streptococci a high phosphorus-containing 
non-nucleic acid fraction. However, the amount of this fraction 
is very low and therefore will not seriously affect the data of 
Table II. 


Determination of Desoryribose Nucleic Acid in Streptococci—It 
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is well known that certain cells and bacteria contain both the 


d-ribose and desoxyribose types of nucleic acids (9). 


In this labo- 


ratory Zittle (10) showed that neutral extracts of 8-hemolytic 


Nucleic Acid and Nucleoprotein Content of Group « 


Strain 


Thymus 
(theory) 


TaBLe II 


Colony 
characteristics 


(desoxyribose) 


nucleic 


acid 


Yeast (d-ribose) nucleic acid (theory) 


1048M 
1685M 
16855 
C203M 
C2038 
C203R 
BS 
B;R 
NY5M 
NYS5R 
10-1-S 
10-2-8 


10-2-R 


Mucoid 
Smooth 
Mucoid 
Smooth 
Rough 

Smooth 
Rough 

Mucoid 
Rough 

Smooth 


se 


Rough 


(small) 


13.5 
13.5 
13.3 
13.6 
13. 
13. 
13. 
13. 
13. 
13. 
13. 
13. 
13. 
13. 
13. 


eK WOOa ann bt — bo 
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13. 
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12. 
12. 
13. 
13. 
13. 
13.2 
12.2 
12.4 
12.0 


Noaws 


uo 
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“ee NNR KS tN ON ON Oe 


83 
42 
54 


89 


64 
85 


89 
18 
46 
11 


18 
.25 


42 


.10 


86 


84 


64 
21 
21 


.26 
.30 
85 


75 


.78 
76 


per cent per cent per cent 


9. 


] 


— 


Total N Total P Purine N poses 
N to 


1.17 


— 
— 


.74 
.14 
21 
35 
59 
15 
41 
17 
36 
32 
.07 
76 
.92 


66 
62 
66 
58 
14 
.08 
65 
.58 
.70 
85 
.90 
2. 

1.48 


1.74 
1.77 


=e ee NNR RE NNR Ew wh bd bd bo 


A Streptococci 


: (Nucleic Protein 
Ratio, acid, or nu- 
aver- cleo- 
age* proteint 


per cent per cent 


1.11 

1.16 | 20.4 | 84.3 
1.17 84.3 
1.08 | 22.5 | 83.1 
1.05 85.0 
1.02 | 20.8 | 82.5 
1.11 81.8 
0.97 | 20.7 | 82.5 
0.98 85.5 
1.10 | 20.2 | 85.5 
1.11 85.0 
0.96 16.8 84.3 
1.16 85.0 
1.19 | 24.1 | 83.1 


81.8 
1.29 | 14.8 | 83.8 


1.14 | 19.3 | 84.4 


1.04 14.8 | 79.4 
78.2 
1.01 | 16.2 | 84.3 
85.5 
1.11 | 18.3 | 84.3 
82.5 
1.12 | 15.1 | 76.2 
77.5 
75.0 


These data have not been corrected for extractable material for the 
reason stated at the bottom of Table I. 

* Based on purine nitrogen. 

t Based on total nitrogen X 6.25. 
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streptococci gave color reactions for both types of nucleic acids. 
In this study we have attempted to evaluate roughly the per cent 
of desoxyribose type of nucleic acid in the extracted streptococci 
as follows: 

4 ec. of 0.1 N HCI were added to 25 to 35 mg. of dried and ground 
whole organisms. This mixture was placed in a boiling water 


Taste III 
Biological Properties of Strains Analyzed 
Col- | Griff- 
Strain No. ony | Mouse virulencet Nature of agglutination reaction | a . 
form* ae 
ec, 
1048M M 10-7 to 10-*' ~=—s Ty pe-specifice 6 
1685M Ms 10-7 “* 10-8 ” 1 
1685S 8 Avirulent - 1 
C203M M 10-¢ Group and type 1 
C2038 Ss Avirulent “a Wehielt” 1 
C203R R " = ** very small 
amount of Type 1 
B;S Sm ” (12) 
B;R Rs . 
NY5 Wadsworth | Ms) 10-5 | Type-specific 10 
NY5R R Avirulent 
10-1-S Ss as t Group-specific 
10-2-S - a & Type-specific 5 
} “oe 5 


10-2-R R ™ 


*M = mucoid, Ms = mucoid with a slight tendency toward smooth, 
Sm = smooth with traces of mucoid, S = smooth, Rs = rough with traces 
of smooth, R = rough. 

t The figures indicate the approximate amount of an 18 hour blood broth 
culture required to kill a white mouse in 24 to 48 hours. The figures in 
parentheses refer to the bibliography. 

t Hadley and Hadley (13) and personal communication. 


bath and hydrolyzed for 15 minutes. (The use of more concen- 
trated acid or a longer period of hydrolysis yielded identical 
results.) The hydrolyzed mixture was centrifuged and the 
clear supernatant used for analysis according to the method of 
Dische (11). The diphenylamine reagent was prepared by dis- 
solving 1 gm. of diphenylamine (Merck’s reagent) in 2 ec. of H,SO, 
and then adding 98 cc. of glacial acetic acid. The H,SO, was used 
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merely as a solvent for the diphenylamine. 8 cc. of this reagent 
were added to 4 cc. of the acid extract of the whole organism. 
The 12 ec. of solution were placed in a boiling water bath for 3 
minutes and then rapidly cooled. After 5 minutes readings were 
made in an Evelyn photoelectric colorimeter with a No. 660 filter. 

A curve had been plotted of varying known amounts of desoxy- 
ribose nucleic acid against corresponding Evelyn colorimeter 
readings. Therefore when we knew the colorimeter reading of an 
unknown solution, we could refer to the curve and determine the 
corresponding amount of desoxyribose nucleic acid in the un- 
known. Further acid extractions of the centrifuged hydrolyzed 
organisms gave negative qualitative tests for thymus nucleic acid. 

All of these strains yielded from 2 to 6 per cent of the total dry 
weight of the bacteria as desoxyribose nucleic acid, which was 
about 10 to 30 per cent of the total nucleic acid. These results 
were not due to impurities in the broth, since organisms grown 
in a chemically defined medium, in which there was no nucleic 
acid, gave the same results as with the organisms grown in broth. 

Biological Properties—The biological properties of each strain 
were studied at the time it was being analyzed chemically. A 
summary of these properties is given in Table III. 


DISCUSSION 


Fish sperm and tobacco ring spot virus have been shown to 
contain about 40 per cent nucleic acid (4). The data presented 
here show that the Group A 8-hemolytic streptococci also contain 
considerable amounts of nucleic acid. Our findings further show 
that type-specific, virulent mucoid strains contain 19.3 to 22.5 
per cent, less type-specific avirulent smooth strains 18.3 to 24.1 
per cent, and non-type-specific avirulent rough strains 14.8 to 
16.8 per cent nucleic acid. The rough colony form which is 
avirulent and non-type-specific thus shows a marked loss of 25 
to 35 per cent nucleic acid, in contrast to the mucoid and smooth 
phases. Of the total nucleic acid contained in streptococci it 
appears that 10 to 30 per cent is desoxyribose (thymus) nucleic 
acid, the remainder being of the d-ribose (yeast) type. When our 
data are correlated with previously known facts, namely (a) occa- 
sional absence of virulence in the mucoid phase without change in 
colony form or type specificity and (b) the loss of virulence and 
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decrease or loss of type specificity in the smooth phase, it would 
appear that the above changes are not accompanied by any marked 
decrease in nucleic acid content. This also appears to be the case 
with respect to the nucleoprotein content. 

In our study of the various streptococcal protein fractions we 
have always found nucleic acid. Heidelberger and Kendall (14) 
showed that all the protein fractions prepared from streptococcal 
cells contained phosphorus. Although these data might suggest 
that all the protein in streptococci is conjugated with nucleic acid 
in various proportions, one cannot as yet exclude the possibility 
of the existence of simple cellular proteins. 
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THE COUPLED OXIDATION OF CAROTENE AND FAT 
BY CAROTENE OXIDASE 


By JAMES B. SUMNER anp ROBERT J. SUMNER 
(From the Department of Zoology, Cornell University, Ithaca) 


(Received for publication, April 12, 1940) 


Recently Sumner and Dounce! described the enzyme discovered 
in 1928 by Bohn and Haas in legumes and especially in the soy 
bean. This enzyme peroxidizes the unsaturated fats and bleaches 
carotene, bixin, xanthophyll, and other carotenoids. We have 
called this enzyme “carotene oxidase,” but possibly “unsaturated 
fat-peroxidizing enzyme’’ would be more accurate. 

In earlier experiments the carotene we tested was a preparation 
dissolved in unsaturated oil. Later we employed crystalline 
carotene and were surprised to find that the carotene oxidase had 
an almost negligible bleaching action upon this. On the contrary, 
when one employs carotene dissolved in a small quantity of fat, 
the bleaching is extremely rapid. With excessive quantities of 
fat, the rate of bleaching of the carotene diminishes. Thus, the 
bleaching of 0.79 mg. of carotene required 18 to 20 hours with 
no oil, 32 seconds with 4.6 mg. of hemp-seed oil, and 180 seconds 
with 50 mg. of hemp-seed oil. A curve for the rate of the reaction 
is given in Fig. 1. Bixin, prepared from annatto paste, acts 
like carotene. 

Using 4.6 mg. of hemp-seed oil and 0.79 mg. of carotene, we find 
the temperature optimum to be at 40-45°. This is quite dif- 
ferent from the temperature optimum for the action of carotene 
oxidase upon cottonseed oil. 

The effect of added fat upon the rate of bleaching of carotene 
is probably due to a coupled oxidation. Highly unsaturated 
fats, such as hemp-seed oil or soy bean oil, are much more effective, 


‘Sumner, J. B., and Dounce, A. L., Enzymologia, 7, 130 (1939). See 
also Hauge, 8. M., J. Biol. Chem., 108, 331 (1935) and Frey, C. N., Schultz, 
A. L., and Light, R. F., Ind. and Eng. Chem., 28, 1254 (1936). 
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weight for weight, than olive oil or butter. Fat which has been 
previously peroxidized by the action of carotene oxidase has no 
increased action on the bleaching of carotene, nor does it cause 
immediate bleaching when carotene is dissolved in it, although 
bleaching occurs later. In order to exert its action, the fat must 
be mixed with the carotene before being suspended in water; if the 
fat and the carotene are suspended in water separately and then 
mixed, the action is slow. 
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Fic. 1. The effect of hemp-seed fat upon the rate of oxidation of caro- 


tene by carotene oxidase. 


EXPERIMENTAL 


Carotene Solution—95 mg. of crystalline carotene (Nutritional 
Research Associates, South Whitley, Indiana) were shaken with 
400 cc. of acetone and 200 ce. of 95 per cent alcohol until largely 
dissolved. The solution was then filtered and kept in a brown 
bottle. 

Fat Solution—5 gm. of fat were dissolved in 200 cc. of acetone. 
The hemp-seed oil was prepared by grinding hemp-seed in a coffee 
mill, extracting with petroleum ether, filtering, and evaporating 
off the petroleum ether. The soy bean oil was prepared in a 
similar manner. 

Enzyme Solution—5 gm. of fat-free soy bean meal were stirred 
with 200 ce. of distilled water and the suspension was centrifuged 
for 4} hour. The somewhat milky supernatant was poured off 
and kept in the ice chest. 
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Phosphate Buffer—This contained 4.73 per cent of NasHPO, 
(anhydrous) and 4.54 per cent of KH:PO, (anhydrous). The 
pH was about 6.5. 

Procedure—We pipetted into a 250 ce. Erlenmeyer flask 5 ce. 
of the carotene solution and added the fat solution to this if fat 
was to be employed. After mixing, we added 100 ce. of distilled 
water and 5 cc. of the phosphate buffer. Next 1 ec. of the enzyme 
was added and the contents of the flask were rotated until bleach- 
ing was judged to be complete. In experiments in which bleaching 
took over } hour, the rotation was intermittent. 


SUMMARY 


Carotene oxidase bleaches carotene with extreme slowness unless 
a small amount of fat is present. If an optimal quantity of fat 
is added, carotene is bleached with great rapidity. Bixin is af- 
fected in a similar manner. Highly unsaturated fats like hemp- 
seed oil or soy bean oil are more effective than olive oil or butter. 

The bleaching action by the enzyme is probably an instance of 
a coupled reaction. 
























THE OXIDATION OF VITAMIN E* 


By CALVIN GOLUMBIC anp H. A. MATTILL 
(From the Biochemical Laboratory, State University of Iowa, Iowa City) 


(Received for publication, April 1, 1940) 


The rapid autoxidation of synthetic a-tocopherol reported by 
Isler (1) is a demonstration on the pure substance of what has 
long been known regarding the behavior of vitamin E in the 
presence of readily autoxidizable fats (2). Some idea of what may 
happen to vitamin E under such conditions has been gained from a 
study of the effects of individual oxidizing agents, organic and 
inorganic, under controlled conditions. 

With gold chloride (3) or ferric chloride (4) the oxidation product 
is a substituted p-quinone which may be reduced to a tocopheryl- 
hydroquinone in neutral or weakly acid solutions. In the presence 
of halogen acids there is cyclization and regeneration of the 
original tocopherol. With more vigorous agents like silver 
nitrate or nitric acid the oxidation may proceed farther, to form a 
pyranobenzoquinone (5, 6); this compound has been shown to be 
devoid of biological activity. The biological activity of the 
p-quinone produced by ferric chloride or by mild treatment with 
silver nitrate (7) is still open to question; ferric chloride at steam 
bath temperature (4, 8) produced an inactive substance, whereas 
the product obtained at room temperature (9) was still effective 
as vitamin E. 

The change from tocopherol to tocopherylquinone might occur 
in two successive univalent steps; such a two-step oxidation would 
be in accordance with Michaelis’ theory of compulsory univalent 
oxidation (10). According to Conant (11) and Fieser (12), in the 
irreversible oxidation of a phenolic substance, the initial step is 
reversible and consists of the production of a phenoxy] radical 


* A report of this work was presented by one of us (C. G.) before the 
meeting of the American Society of Biological Chemists at New Orleans, 
March 13-16, 1940. 
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which forms an unstable oxidation-reduction system with the 
phenol. When such a reversible step governs the rate of the 
irreversible oxidation of a phenol, it is possible to measure an 
apparent oxidation potential by the method of potentiometric 
indicators. 

Such a system may also be postulated between a-tocopherol and 


a-tocopherylquinone as follows: 


CH; r CH; 7 
CH; oO CH; CH; oO CH; | 
ys A? 
| 1] CisHys — | CicHss 
ON we ASS 
HO O 
CH, J CH, 
a-Tocopherol Phenoxy! radical 
CH; 
CH; CH; 
O HO 
\F Y \Z 
| J CisHs3 
\ 
of @ VW 
CH; 


a-Tocopherylquinone 


Successful measurement of an apparent oxidation potential of 
a-tocopherol would in itself be suggestive evidence for the ex- 
istence of the system and for the irreversibility of the second step 
in it. The purpose of this paper is to report the apparent oxida- 
tion potential of synthetic a-tocopherol and to record the bio- 
logical inactivity of a-tocopherylquinone. 


EXPERIMENTAL 


The procedure of Conant and Pratt (13) was applied to a-toco- 
pherol at a temperature of 75° in alcoholic solution (Table I). 
Under the conditions of the experiment, the apparent oxidation 
potential, i.e. the potential at which 20 to 30 per cent of the 
a-tocopherol was oxidized in 30 minutes, lies between the normal 
potentials of a mono- and a dimethylhydroquinone. Duplicate 
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experiments agreed within a few millivolts. The same range was 
obtained when the procedure of Conant and Pratt was modified; 
the proportion of equimolar mixtures of the reagent quinones and 
corresponding hydroquinones to a-tocopherol was increased and 


TABLE | 
Oxidation of a-Tocopherol in 95 Per Cent Alcohol (0.2 n in HCl) at 75° + 2° 


a-Tocopherolt 
Reagent (containing equi- 
molar — reduced Eot Change of potential Fraction changed 
5min. | 15min. 30min. | 5min. 15 min, 30 min. 
volt m4 —_ —_ per cent per cent per cent 
Quinone. . 0.711 | —92 | —112 | —119 | >95 | >95 | >95 
Toluquinone . 0.656 | —15 —22 —28 22 63 73 
p-Xyloquinone........| 0.597 | —1 +1 0 0 0 0 
y¥-Cumoquinone ....... 0.537§, +1 +1 0 0 0 0 
2-Methyl-1 , 4-naphtho- 
quinone . 0.408 +1 0 0 0 0 0 


* The concentration of both the oxidized and reduced forms was 5 X 
10~* a. 

t The normal oxidation-reduction potentials are not corrected for pH or 
temperature. 

t The concentration of a-tocopherol was always 1 X 10-* M. 

§ Calculated. 


TaBLe II 


Oxidation of a-Tocopherol by Quinones in 95 Per Cent Alcohol (0.02 n in 
Acetic Acid and Sodium Acetate) at 75° + 2° 


a-Tocopherol 


sana wad Amount Amount a 

recovered in 30 min. 

volt mg. mg. per cent 
EE 0.711 10.7 1.47 86 
Toluquinone.......... 0.656 | 10.0 6.2 38 
p-Xyloquinone........ 0.597 9.6 8.25 14 
Trimethylquinone. ... 0.537§ | 9.8 9.13 7 
| EE RTS 4.4 4.4 0 





* The reagent in all cases was 2 X 10~* m in the oxidized and in the re- 
duced form. 

t These potentials are not corrected for temperature and pH. 

t In all cases the concentration was 2 X 10-* m. 

§ Calculated. 
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the extent of oxidation of a-tocopherol in 30 minutes was deter- 
mined by gold chloride titration of the unchanged tocopherol 
(Table Il). From the figures in the last column it is apparent 
that under the conditions the amount of a-tocopherol oxidized 
decreased with decreasing oxidation-reduction potential of the 
reagent mixtures and that the apparent oxidation potential 


TaBLe III 


Vitamin E Action of a-Tocopherylquinone and a-Tocopherylhydroquinone 


. No. of | No. of . 
. Amount | No. of |.~"; No. of 
Compound : implan- resorp- }; : 
fed animals alten | tiene litters 


mg 
a-Tocopheryl quinone 5 l l l 0 
15 2 2 2 0 
35 l l l 0 
a-Tocopherylhydroquinone* 15 2 2 2 0 
- triace- 15 3 3 3 0 
tateT 
a-Tocopherol acetate 2.7 9 9 ] 8 
No dosage 4 4 4 0 
Olive oil 200 5 5 5 0 
p-Xyloquinone 50 2 2 2 0 
sg + 50 2 2 2 0 
Phytol 120 
p-Xylohydroquinone 50 2 2 2 0 
x + 50 2 2 2 0 
Phytol 120 
p-Xylohydroquinone + 50 2 2 2 0 
Phytadiene 150 
Toluhydroquinone + 50 2 2 2 0 
Phytol 120-170 


* Administered intraperitoneally. 
t Not recrystallized. 


(20 to 30 per cent oxidation) of a-tocopherol lies between the 
normal potentials of toluquinone and p-xyloquinone. 

The biological tests of a-tocopherylquinone were made on virgin 
animals reared on a vitamin E-deficient diet. The quinone was 
prepared from synthetic a-tocopherol! by ferric chloride or gold 


1 The synthetic a-tocopherol was prepared by alkaline hydrolysis of 
a-tocopheryl acetate which was kindly furnished by Hoffmann-La Roche, 
Inc. 
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chloride oxidation according to the procedures of John (4) and 
Karrer (3), respectively. a-Tocopherylquinone, its hydroquinone, 
and the hydroquinone triacetate displayed no vitamin E activity 
even at the high levels fed (Table III). Eight of the nine control 
animals given 2.7 mg. of a-tocopherol acetate gave a positive 
response ; nine animals, serving as negative controls, showed that 
we were not dealing with first litter fertility. Subsequently, five 
of the nine animals used for assaying the derivatives of a-toco- 
pherol were given adequate doses of vitamin E and all five had 
litters. 


TABLE IV 
Antiorygenic Action of a-Tocopherol and a-Tocopherylquinone in Lard at 75° 





Substance ahr ol Antiosyagale | Concentration 
per cent ie per ome 
I. a-Tocopherylquinone 0* 1 0.10 
II. ” 4* 1 0.10 
Ill. _ 20* 2 0.03 
IV. ste 50t 2.5 0.04 
V. a-Tocopherol 98* 2-3 0.02 
VI. sis 98-100§ 5 0.04 


*As determined by electrometric titration against gold chloride 


(Karrer). 
t Ratio of the induction period of stabilized fat to that of the control. 


t A mixture of Substances I and V. 
§ Substance VI was assayed against Substance V colorimetrically 


(Emmerie and Engel (16)). 


p-Xyloquinone, p-xylohydroquinone, and toluhydroquinone 
which form oxidation-reduction systems in the same potential 
range as a-tocopherol had no vitamin E activity (Table III). 
Mixtures of these compounds with phytol and phytadiene were 
likewise ineffective. This same demonstration has already been 
made with trimethylhydroquinone and phytol by Evans and 
collaborators (14). Apparently, the rat lacks the requisite 
catalysts for cyclizing any of these compounds to the chroman 
structure. 

Oxidation of a-tocopherol by ferric chloride at room temperature 
is incomplete. We have used the accurate electrometric titration 
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method of Karrer (3) to detect the presence of a-tocopherol in 
samples of a-tocopherylquinone prepared by different methods.? 
At room temperature 20 per cent of the a-tocopherol remained 
unattacked, whereas nearly complete oxidation (96 per cent) was 
secured at 75°. The antioxidant properties of a-tocopherol were 
also used to detect its presence in a-tocopherylquinone prepara- 
tions. a-Tocopherol is an antioxidant for lard (15); a-tocopheryl- 
quinone is not. Tocopherylquinone preparations containing 20 
per cent or more a-tocopherol (Table IV) displayed antioxygenic 
properties but preparations containing 4 per cent or less of toco- 
pherol (determined by electrometric titration) were not inhibitors 
at the same or even at higher concentrations. 


DISCUSSION 


The suggestion has been advanced provisionally by John and 
coworkers (4) and also by Evans and associates (14) that the 
biological activity of tocopherols may be related to their ready 
transformation in vitro to quinones, in a reversible oxidation- 
reduction system. If such a system extended from a-tocopherol 
to a-tocopherylquinone, the latter as well as the former should 
have biological activity. Since a-tocopherylquinone appears 
not to have biological activity, we must conclude that if an oxida- 
tion-reduction system is concerned it must be between tocopherol 
and an intermediate phenoxy] radical. The significance of these 
observations in relation te the physiology of vitamin E is under 
investigation. 


Our thanks are due to Lever Brothers Company of Cambridge, 
Massachusetts, for a grant in support of this work. 


SUMMARY 
1. An apparent oxidation potential of a-tocopherol has been 
measured by two methods; it appears to be between the normal 
oxidation potentials of mono- and dimethylhydroquinones. 
2. Even in relatively large doses a-tocopherylquinone does 


2? Emerson, Emerson, and Evans (9) claimed that the development of 
color with Folin and Ciocalteu’s phenol reagent is a sensitive test for a- 
tocopherol in tocoquinone preparations. In our hands, this color test has 
proved unreliable, since quinones respond positively and in a shorter time 
than has been stated. 
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not possess biological activity as measured by the capacity to cure 
sterility in female rats reared on a vitamin E-deficient diet. 
Contrary reports which have appeared may be explained by the 
presence of unoxidized a-tocopherol. Unless ferric chloride is 
used at steam bath temperature, oxidation is incomplete. With 
gold chloride, oxidation is complete at room temperature. 

3. a-Tocopherylquinone containing unoxidized a-tocopherol 
demonstrates antioxygenic action on lard, whereas a-tocopheryl- 
quinone itself has no such action. 

4. Various substituted hydroquinones, having oxidation poten- 
tials in the same range as a-tocopherol, are inactive biologically 
either alone or in association with phytol. 

5. These observations suggest that the reaction a-tocopherol 
— a-tocopherylquinone is not reversible in the organism. If, as is 
probable, the reaction takes place in two steps, the first step is 
reversible and may have biological significance. 
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Evidence has recently appeared from three diverse sources 
that fluorine is in some way related to the inhibition of dental 
caries. First, chemical analyses have shown that sound enamel 
from sound teeth contains more fluorine than that from carious 
teeth (1); this is the only established chemical difference between 
sound and carious tissues. Second, field studies have shown a 
lower incidence of caries in areas of mottled enamel (dental fluoro- 
sis (2,3)). Third,in animal experimentation, rats have been found 
to develop less caries on a caries-producing diet when fluorine 
is added to the diet (4, 5). Two factors in the inhibiting action 
of fluorine have been discovered: (a) fluorine reduces the acid 
production of oral bacteria (6) and (6) fluorine reduces the solu- 
bility of the dental tissues (7). 

Since human dental caries begins on the surface of the enamel, 
it is important to explore the possibility that fluorides are ad- 
sorbed on the surface. To investigate this problem, samples of 
powdered enamel, dentin, bone, and hydroxyapatite were exposed 
to solutions of sodium fluoride. The amount of fluorine picked 
up by these calcium phosphates was found to follow the adsorp- 
tion isotherm, thus demonstrating that fluorine does adsorb on 
dental tissues. 


* This work was supported in part by grants from the Carnegie Corpora- 
tion of New York and from the Rockefeller Foundation. 
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EXPERIMENTAL 


Radioactive fluorine was prepared by bombarding oxygen in 
water molecules by the proton beam of the cyclotron. The 
nuclear reaction is as follows: s0'* + ,H' — oF + on'. 

The unstable isotope F'* has a half life of 112 minutes and 
reverts to O'*® by the emission of a positron as follows: 9F'* — 
g0'* + .,e°. Approximately 4 ce. samples of distilled water were 
bombarded for 2 hours in a special water-cooled cell furnished 
with a thin aluminum window (thickness 0.001 inch) through 
which the proton beam passed. Each of these samples was made 
up to 10 ec. with distilled water; 1 cc. was taken, diluted to 10 
ec., and used as a standard for obtaining the decay curve. Suit- 
able aliquots of the radioactive fluorine solutions were made up 
to volumes of 50 ec. with solutions of sodium fluoride varying in 
concentration from 1:100 to 1:1,000,000 by powers of 10. The 
enamel and dentin samples were prepared by the centrifugal 
flotation method (8) from dried teeth; the samples of bone were 
from inorganic residues prepared by KOH-ethylene glycol ex- 
traction (9). All the tissue samples were powdered to pass a 60 
mesh screen. |The hydroxyapatite was sample “TR 5” (Ca:P 
ratio, 2.12) described by Hodge, LeFevre, and Bale (10). It was 
not screened. 

25 ec. of the sodium fluoride solutions containing radioactive 
fluorine were stirred with 50 mg. samples of enamel, dentin, bone, 
or hydroxyapatite for 30 minutes at 40°. The solutions were 
decanted after centrifugation, and the precipitates twice washed 
with distilled water. The precipitates were dissolved in approxi- 
mately 2 ce. of 6 N hydrochloric acid; solutions of dentin samples 
were centrifuged to remove the insoluble flakes of organic matter. 
2 cc. samples of these solutions were placed in the counting cup 
of the Geiger-Miiller scale-of-four counter (11), and the number 
of counts determined, for duplicate or triplicate 5 minute periods. 
At intervals of 3 to 4 hours, the radioactivity of the standard 
radioactive fluorine solutions was determined as well as the back- 
ground count and the counter sensitivity (11). It was shown 
experimentally that the variations in the concentration of calcium 
phosphate from solution to solution produced negligible changes 
in 8-ray absorption. 
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The decay curves of radioactive fluorine were plotted for each 
experiment and from these curves the counts for the various 
samples of dissolved calcium phosphates were calculated back to 
the 100 per cent basis. The mg. of fluorine picked up by each 
calcium phosphate sample were calculated, and from these data 
two values were obtained (1) the mg. of fluorine picked up per 
gm. of calcium phosphate, and (2) the concentrations of fluorine 
remaining in the solutions at equilibrium. These values were 
plotted logarithmically with the latter as ordinates (Fig. 1). In 
the calculations the amounts of radioactive fluorine are so mi- 
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Fic. 1. Adsorption isotherms (40°) for the various calcium phosphates 


nute that the total fluorine concentrations are taken as those of 
the F'* isotope. The straight lines given in Fig. 1 were calculated 
by the method of least squares; the coefficients obtained for the 
equation of each calcium phosphate were then expressed in terms 
of the coefficients n and k from the Freundlich adsorption isotherm 
equation. 


Data 


In Table I are given the averages for the mg. of fluoride ad- 
sorbed per gm. of adsorbent for each of the five dilutions of 
fluoride used; each figure represents the average of four to six 
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determinations. The percentages of the total dissolved fluoride 
which are adsorbed increase from 0.5 per cent at 1:100 NaF to 
1, 5, 20, and 40 per cent, respectively, as the fluoride concentra- 
tion decreases by successive powers of 10. Since the values for 
the logarithms of z/m when plotted against the values of loga- 
rithms of C for enamel, dentin, bone, and hydroxyapatite in each 
case fall along a straight line (Fig. 1), it is evident that this cri- 
terion of the Freundlich adsorption isotherm is satisfied and that 
these substances adsorb fluorine. 

In the following tabulation the adsorption coefficients for fluorine 
on the various calcium phosphates are shown. The coefficient 
n, characteristic of the adsorbed substance for adsorbents of 


TABLE I 
Fluoride Adsorbed on Various Calcium Phosphates at Various Fluoride 
Dilutions 
Concentration of F adsorbed per gm. adsorbent (z/m) 
F in solution at 
equilibrium (C) Enamel Dentin Bone Hydroxyapatite 
u xX 16 mg. mg. mg. mg. 
230 12 13 12 2.7 
23 4.3 2.5 2.8 1.2 
2.2 1.0 1.2 1.4 0.65 
0.18 0.32 1.23 0.49 0.34 
0 .02 0.08 0.29 


0.07 0.05 


identical chemical composition, should be reasonably constant 
for each of these calcium phosphates, since they have apparently 
identical principal molecular lattices (12). The n values given 
are considered to be in satisfactory agreement although the value 
for enamel is somewhat lower than the values for the other 
substances. k, the coefficient characteristic of the adsorbing 
substance, is different for various calcium phosphates. 


Symbol Enamel Dentin Bone Hydroxyapatite 
n 1.6 2.2 2.1 2.3 
k 37 22 22 8 


A few experiments were done in which crowns of teeth were 
dipped for 30 minutes at 40° into solutions of sodium fluoride 
containing radioactive fluorine. The enamel was partially dis- 
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solved off by dipping the tooth into a solution of hydrochloric 
acid. Small, but detectable amounts of fluorine were adsorbed 
by these intact enamel surfaces; the maximum amount of fluorine 
adsorbed on a single tooth was of the order of 0.02 mg. 


DISCUSSION 


It would be almost meaningless to attempt to differentiate 
between fluoride adsorption as a physical phenomenon and as a 
chemical reaction, since there is an excellent chance that fluoride 
approaching the surface of a hydroxyapatite particle would react 
to produce fluorapatite (13-15), a mixed apatite, or calcium 
fluoride (16). In fact, the evidence of a surface reaction may have 
been an artifact contributed by the relatively short exposure of 
the calcium phosphates to the fluoride solutions (17). 

The n values characteristic of the adsorbed substance are all 
of the same order. These values are so nearly identical in the 
case of bone, dentin, and hydroxyapatite that these curves (Fig. 
1) might be described as affine adsorption curves. The curve 
for enamel crosses the other three curves; it is lower at low fluoride 
concentration than that of hydroxyapatite and higher in high 
concentration than those of bone or dentin. The significance of 
this deviation is unknown. It is interesting to note that the n 
values obtained by Manly and Levy (18) for the adsorption of 
phosphates on enamel, dentin, and bone are of the same numerical 
order as those for fluorine. For both fluorine and phosphate the 
n values for dentin and bone are similar; for enamel the n value 
for phosphate is higher, whereas for fluorine it is lower than 
the dentin and bone values. 

The k values characteristic of the adsorbing substance are 
large for enamel (37), medium for dentin and bone (22), and small 
for hydroxyapatite (8). The higher value for enamel rules out 
any pronounced influence on fluoride adsorption due to the 
fluoride already present, since dentin contains normally about 
twice as much fluoride as enamel. The & fluorine to k phosphate 
ratio is 26 for enamel and approximately 3 for dentin and bone. 
The reason for this is unknown. However, such differences in 
ratios are not unknown; in fact Freundlich states, ‘‘Undoubted 
regularities holding for the true adsorptive power are neither 
numerous nor well established’’ (19). 

The fact of adsorption of fluorides by enamel may have clin- 
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ical significance. The local application of solutions of fluorides 
to teeth in situ might add sufficient fluorine to the enamel sur- 
face to decrease its susceptibility to dental caries. 


SUMMARY 


1. Enamel, bone, dentin, and hydroxyapatite are shown to 
adsorb fluorine according to the Freundlich adsorption isotherm. 
2. The coefficients characteristic of the adsorbed substance 
(n) and of the adsorbent (k) have been calculated for each 
substance. 
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Correction—The coefficients a and 6 in the equation y = a + bz (Fig. 1) 
should be respectively, dentin, 0.64, 0.50; bone, 1.20, 0.51; hydroxyapatite, 
1,17, 0.42. This does not alter the major conclusions. 
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d-Sorbitol has been employed in Europe as a carbohydrate 
substitute in the treatment of diabetes and its use for this pur- 
pose has led to a highly controversial literature on the subject. 
There are those who maintain that it is not metabolized (1) and 
may be safely used as a sugar substitute (2-4) in the diabetic 
diet, while others (5, 6) claim it produces hyperglycemia and 
should be avoided (7-10). The variety of results reported as to 
the metabolism and glycogenic ability of sorbitol in the fasting 
animal has contributed to this controversy. According to Payne, 
Lawrence, and McCance (1) sorbitol fails to increase liver glyco- 
gen in the rat, while Todd, Myers, and West (11) report consider- 
able deposition of liver glycogen after it was fed or injected. 
Waters (12) claims that the feeding of sorbitol solution to fasted 
rats produced no increase in hepatic glycogen, but that intra- 
peritoneal injection resulted in a marked increase in the glycogen 
content of the liver. Carr and Forman (13) find this hexahydric 
alcohol to be glycogenic when fed with two-thirds cacao butter 
to rats. Lafon (14) reports that sorbitol, up to 30 per cent of the 
diet, is not toxic to mice and seems to be almost completely 
utilized. Roche and Raybaud (10) state that sorbitol is not 
converted into liver glycogen in the rabbit and that it does not 
prevent insulin hypoglycemia. Thannhauser and Meyer (15) 
find that when fed with lean meat to dogs this aleohol can be 
converted into liver glycogen as readily as glucose. 

Much of the controversy as to the utilization of sorbitol by the 
fasted animal appears to be due to the facts that conclusions have 
been based mainly on experiments performed with very small 
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series of animals and that experimental conditions have varied 
greatly. The present study deals with the metabolism of sor- 
bitol in a number of rats which had fasted for different periods. 
Various amounts of sorbitol were given and the effects of 3 and 
of 6 hour absorption periods were studied. The question of the 
metabolism of sorbitol has become increasingly important, as 
in recent years its price has been greatly reduced and its use ex- 
tended. It has already been incorporated in bread as a moisten- 
ing agent and is used in the manufacture of candy. The question 
naturally arises as to whether or not this polyhydric alcohol can 
be classed as a foodstuff. 


EXPERIMENTAL 


An approximately equal number of normal male and female 
white rats (aged 92 to 131 days) were used for each experiment. 
In the first group, the animals were fasted for 24 hours and then 
given 2 cc. of a 25 per cent solution of sorbitol which had been 
recrystallized from pyridine according to the method of 
Strain (16). We shall designate this as Sorbitol I. In the see- 
ond group of experiments, food was withheld from the rats for 46 
hours; then they were given either 2 ec. of a 25 per cent solution 
of Sorbitol I or Sorbitol II, a highly purified product of Atlas.' 
3 hours later an additional 500 mg. of Sorbitol I or II were given. 
After another 3 hour absorption period, the animals were anes- 
thetized with sodium amytal and their hind legs skinned. The 
legs and liver were then frozen in situ with CO, snow. The 
methods for the preparation of the tissues for analysis and for the 
determination of tissue carbohydrates have been described (17). 

In Table I are listed the glycogen, lactic acid, and fermentable 
and non-fermentable sugar content of the various tissues ex- 
amined for the experimental animals fasted 24 hours and given 
500 mg. of Sorbitol I together with the control values. The 
values for the control rats are those obtained over a period of 4 
years in separate experiments dealing with carbohydrate me- 
tabolism. The observations were sufficiently uniform to justify 
combining them. As the hepatic glycogen of males is greater 
than that of females, we have separated the liver glycogen values 


1 The sorbitol was generously furnished by the Atlas Powder Company. 
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TABLE I 
Carbohydrate Content of Tissues of Control and Experimental Rats 
The results are expressed in mg. per 100 gm. except for blood, in which 
case they are recorded as mg. per 100 cc. The values for glycogen are given 
in terms of glucose. 
Figures in bold-faced type represent values for the rats given Sorbitol I. 


| No, of rats 


Standard | 
Substance determined Maximal | Minimal} Mean | deviation |————;— 
of mean Males | Fe 
Glycogen, liver...... 603 26 203 28 30 
se phere en 1000 97 317 30 
“ es aad nae 1847 94 535 67 41 
“ ath eiiusiis 723 =| 233 474 11 9 
" muscle... 749 370 563 11 40 | 29 
ee seid oe 607 | 412 535 12 9 9 
Lactic acid, liver........... 17.5| 5.5 10.0 0.5 | 23 | 14 
e ” ei 10.9 6.2 8.0* 04 9 6 
- ‘* muscle. : 54.2| 11.8) 22.8 1.2 31 | 20 
“ - wile OP ; 30.2 12.2 21.3 1.5 9 5 
” PF ME ewis acute 21.8' 8.1! 13.8 1.0 8 | 8 
aa ” oe we 25.7 76 12.6 1.8 5 6 
Fermentable reducing sub- 
stances 
Liver... eee ot ee ke 104 4.1 34. s«19 
2. jekkwiel «inne vn oi 87* 63 9 9 
Muscle iver ee 42 4 17 1.0 | 36 | 19 
re hace ss me vi 49 7 20 2.6 9 9 
Kidney... ote 82 | 15 53 2.0 | 35 19 
OR 5: ) ....| 08 | 0 | @ 40 9 9 
Rae ere 92 59 74 1.7 11 | 12 
a eee ere 84 66 76 2.1 6; & 
Non-fermentable reducing 
substances 
Liver 59 0 26 1.9 34 19 
oe. 68 13 31 3.5 9 9 
Muscle 45 4 17 1.2 36 «19 
—e 35 4 | 14 16 | 9) 9 
Kidney . 37 5 17 1.1 | 35 | 19 
al 43 9 19 21 #9) 9 
Blood 8 2 5 0.4 | 11 | 12 
“ 4 2 a | o4 | 6/| 6 


eseesen | 


* Statistically significant by the ¢ test of Fisher. 
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according to the sex of the animal. In the case of muscle glycogen 
there appears to be no sex difference and we have therefore made 
no distinction between males (mean 566 mg.) and females (mean 


TaBLe Il 
Carbohydrate Content of Tissues of Control and Experimental Rats 
The results are expressed in mg. per 100 gm. except for blood, in which 
case they are recorded as mg. per 100cc. The values for glycogen are given 
in terms of glucose. 








Type : No. of rats 
of Standard 
Substance determined sor- | Maximal | Minimal Mean —_— deviation 
bitol of mean ales Fe- 
fed males 
Glycogen, liver 378 54 165 32 10 
” _ I 118 0 46* 14 10 
" ” II 376 0 126 43 10 
" ™ 786 67 371 70 10 
= I 1168 256 784* 87 10 
si " II 1166 229 627* 104 10 
™ muscle 526 300 501 is 10 10 
93: ™ I 672 417 536 15 10 10 
sy = II 722 349 540 23 10 10 
Lactie acid, liver 12.2 5.4 7.6 0.4 10 10 
” ” I 14.7 5.8 8.8* 0.4 10 10 
+s ” 7 II 12.9 6.1 9.8* 0.5 10 10 
- ‘* muscle 38.6 9.8 22.8 2.0 10 9 
“a - 59 I 32.8 13.2 24.1 1.2 10 10 
“4 rm e II 33.7; 10.1 | 20.8 1.6 10 | 10 
<a ** blood 14.0 6.6 10.0 0.7 5 5 
- " I 19.6 8.2 12.2 1.0 5 5 
7 % - II 14.3 7.9; 10.5 0.7 5 5 
Fermentable reducing 
substances 
Liver 191 40 104 8.4 10 10 
™ I 143 62 104 1.4 10 10 
~ II 174 74 110 5.9 10 10 
Muscle 28 10 20 1.3 10 10 
_ I 30 10 20 1.5 10 10 
” II 31 1] 19 1.2 10 10 
Kidney 69 23 48 2.8 10 | 10 
. I 81 17 54 3.3 10 10 
‘a II 125 31 69* 5.4 10 10 
Blood 78 66 2 1.4 5 5 
= I 89 67 77 2.3 5 5 
OF Il 89 67 78* 1.8 5 5 
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TaBLe II—Concluded 


Ty No. of rats 


o Standard 

Substance determined sor- Maximal Minimal Mean _ deviation 
bitol of mean Males Fe- 

fed males 
Non-fermentable reduc- 
ing substances 

Liver 58 1] 29 3.2 10 810 
5 I 45 10 29 2.4 10 10 
6 II 41 S 20* 1.5 10 10 
Muscle 31 6 14 1.5 10 10 
I 25 7 15 1.1 10 10 
” II 24 6 14 0.4 10 10 
Kidney . 47 7 pp 2.7 10 | 10 
es ; I 30 .. 2-5 Be 1.6 10 | 10 
- Il 47 7 21 2.3 10 10 
Blood 6 2 4 0.5 | § 5 
- I 3 2 2* 0.1 5 5 
II 3 2 2° 0.2 5 5 


| 
| 


* Statistically significant by the ¢ test of Fisher. 


559 mg.). The maximal, minimal, and mean values for the 
carbohydrate content of the various tissues are given together 
with the standard deviation of the mean. The means which are 
statistically significant by the ¢ test of Fisher (18) are indicated. 
It is evident that sorbitol is not metabolized under the above 
conditions. Those means which differ statistically from controls 
represent decreases and are not readily interpreted. 

Values for rats fasted for a longer period and in which the sorbi- 
tol dose was divided are summarized in Table I]. These rats 
were fasted for 46 hours and then given two doses of 500 mg. of 
sorbitol at 3 hour intervals. The controls were fasted for 52 
hours. It will be seen that there is no increase in the liver gly- 
cogen of females, a significant decrease being noted in the case of 
Sorbitol I. There is a significant increase in liver glycogen of 
males but in one instance this is on the border line of significance. 
Increases are noted for liver lactic acid and fermentable reducing 
substances of the blood. As the total carbohydrate for the blood 
is about the same for experimental and control values, it is doubt- 
ful whether or not the slight rise in fermentable sugar is of any 


Ly aor mee em 
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significance. Decreases in the non-fermentable sugar of the blood 
may be due to differences of the various yeasts employed. 

A comparison of Table I with Table II shows that sorbitol 
utilization is apparently favored by the giving of large doses in 
divided portions and by allowing a longer period of absorption. 
This may be accounted for by the fact that sorbitol is very poorly 
absorbed from the gastrointestinal tract. Practically all of the 
animals given the alcohol developed severe diarrhea. Unfortu- 
nately, we were not able to determine the coefficient of absorption 
for sorbitol. Considerable time was spent in an endeavor to 
adapt the Silberstein, Rappaport, and Reifer (19) method for 
the determination of sorbitol in blood to the gastrointestinal 
extract but without success. We were likewise unable to use 
this method for blood because of the unreliable results obtained. 


DISCUSSION 


Our data give no indication that sorbitol is utilized when given 
after the customary fasting period of 24 hours. It is also ques- 
tionable whether utilization occurs when the animals are fasted 
for 48 hours and are then given large quantities of the alcohol 
over a longer period of time. Under the latter conditions, male 
rats appeared to store glycogen in their livers but the females 
did not. It is difficult to reconcile our findings with those of 
Todd and coworkers who observed glycogen formation under 
approximately the same conditions. It should be pointed out, 
however, that they cite only three experiments in which sorbitol 
was given orally. These authors do not state the sex of their 
rats. This is important, as it is not uncommon to find values of 
1 per cent or more glycogen in the liver of male rats fasted for 
24 hours. Todd and his associates decapitated the animals be- 
fore removal of the liver, and then ground the liver in a meat 
grinder. By our method of freezing the living tissues before 
removal, and powdering them while frozen, we should have 
obtained the higher glycogen values. 

There can be no question but that sorbitol forms glycogen when 
fed mixed with cacao butter, as shown by Carr and Forman and 
by Todd and his coworkers. Cacao butter is known to lessen 
peristalsis, and when incorporated with sorbitol apparently pre- 
vents the diarrhea which is almost invariably produced by in- 
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gestion of aqueous solutions of the alcohol. The inability to show 
glycogen formation after the oral administration of sorbitol is 
probably related to the low coefficient of absorption of the alcohol. 
Unmistakable formation of glycogen occurs when sorbitol is given 
intraperitoneally (11, 12). 

The increased lactic acid content of the liver after sorbitol 
administration is interesting in view of the fact that we have 
found that the feeding of fructose gives a like result.2 It has 
been postulated by others (12, 20, 21) that sorbitol first may be 
changed to fructose before undergoing further metabolism. This 
oxidation evidently takes place in the liver. When sorbitol was 
given to fructosuric individuals, the blood fructose reached a level 
of 35 mg. per cent, and from 6.4 to 12 per cent of the sorbitol 
appeared in the urine as fructose (20, 21). These latter observa- 
tions afford strong evidence for the utilization of sorbitol by man. 


SUMMARY 


Glycogen formation was not observed when sorbitol was fed to 
rats after the customary fasting period of 24 hours. It is ques- 
tionable whether utilization occurred when the animals fasted 46 
hours and were then given larger quantities of the alcohol over a 
longer period of time. The inability to form glycogen under 
these circumstances is probably dependent upon the low rate of 
absorption of sorbitol from the gastrointestinal tract. 
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THE DECOMPOSITION OF SELENIFEROUS PROTEINS 
IN ALKALINE SOLUTIONS* 
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The selenium in cereal grains, which Franke and Painter (1936) 
found to be confined mostly to the proteins, is in fairly stable 
combination and acid hydrolysis of such proteins yields organic 
selenium compounds. Westfall and Smith (1939) seem to question 
the conclusions of Painter and Franke (1935, 1936) and Horn, 
Nelson, and Jones (1936) regarding the nature of selenium in 
cereals. They extracted cereals and proteins with oxidizing 
agents, then distilled the extracts with a bromine-hydrobromic 
acid solution, and were able to reduce selenium in the distillates 
to the elemental form. Although this is a general property of 
inorganic selenium, their results can also be explained by reactions 
of many organic selenium compounds. The oxidizing agents used 
by Westfall and Smith readily convert the selenium of many 
organic selenium compounds to a form easily cleaved. Diselenides 
give seleninic acids and Painter (1939) has found these compounds 
to be cleaved in acidic as well as in basic solutions to give inorganic 
selenite. Some selenium ethers likewise yield elemental selenium 
upon treatment with oxidizing agents followed by reduction. 
The selenium in plants and known organic selenium compounds 
has not been reduced to the metallic form without the use of rea- 
gents which first change organic selenium to inorganic selenite or 
selenate. 


* Approved for publication by the Director of the South Dakota Agri- 
cultural Experiment Station as paper No. 125 of the Journal Series. 

Taken from Part II of a thesis submitted by Edgar Page Painter to the 
faculty of the Graduate School of the University of Minnesota in partial 
fulfilment of the requirement for the degree of Doctor of Philosophy. 
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Owing to the chemical properties of selenium, its occurrence 
in the protein, and the properties of the selenium compounds in 
the hydrolysates, it has been suggested by Painter and Franke 
(1935) that selenium analogues of the sulfur amino acids may 
exist in nature. Although the deposition of selenium follows 
closely that of sulfur in cereals and cereal proteins, this is not true 
for all plants (Painter and Franke, 1940). Inorganic sulfates 


TABLE | 
Selenium Content of Alkali Hydrolysates 


Selen- Selen- 
Hy- ium ium 
doe before ; in 
lysate Material hydrolyzed alka- Method of hydrolysis solu- 
. line ble 
No. 
. hydro- hydro- 
lysis lysate 
p.p.m. p.p.m,. 
l Wheat Gluten 582 117 | 51 hrs. in 14% Ba(OH),-8H.0 85 
9 “c “cc 582 117 51 se ‘“c 14% “cc +. 40 
PbO + SnCl, 
3 <5 ” 582 117 | 56 hrs. in 6.5% Ca(OH), 99 
4 15 6s 582 117 | 53 *“ ** 6.5% rg + PbO)! 50 
5 | Corn Protein 523 143 51 ‘ ‘* 14% Ba(OH).-8H,O + 42 
PbO + SnCl. 
6 Acid hydrolysate of 95 19 hrs. in 14% Ba(OH).-8H:0 + | 50 
Gluten 582* PbO + SnCl, 
7 Fs alias 95 | 19 hrs. in 6.5% Ca(OH), 70 
S ” ae 1 hr. in 14% Ba(OH):-8H,O + 7 
PbO 


* Hydrolyzed by boiling 14 hours in approximately 33 per cent H.SO, 


(see Painter and Franke (1936)). 
+t Hydrolyzed by boiling 5 hours in 18 n H,SO, (see Painter and Franke 


(1936)). 


can readily be detected in plants but the authors have been unable 
to demonstrate the presence of inorganic selenates or selenites in 
plants. 

Franke and Painter (1936) showed that some of the selenium 
was alkali-labile when they electrodialyzed a seleniferous gluten 
peptized in dilute alkali. A small amount of selenium was 
detected in the anodic cell. Soon after this, attempts were made 
to remove all the selenium from the protein by hydrolysis in alka- 
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line plumbite. The lead sulfide, which always contained selenium 
and other insoluble material, was filtered out and the hydrolysates 
dried. The selenium content of these hydrolysates is shown in 
Table I. 

Some of the hydrolysates in Table I contained a small amount 
of alkali, but the reduction of the selenium content was greater 
than can be attributed to the increase in weight over the protein 
by the water added by hydrolysis and unremoved alkali. It can 
be seen that there was a greater reduction of the selenium content 
when plumbite was present during hydrolysis. 

Judging from the ease with which selenium can be removed from 
the protein when it is hydrolyzed in alkaline solution, additional 
evidence is at hand to indicate that selenium may take a place in 
the molecule analogous to sulfur. It is generally assumed that all 
alkali-labile sulfur in proteins arises from cystine or cysteine. 
Andrews (1928), Gortner and Sinclair (1929), Thor and Gortner 
(1932-33), Clarke and Inouye (1930), and others have shown 
that the quantity of sulfur removed from cystine depends upon the 
method of hydrolysis. Labile sulfur values are reported for only a 
few proteins. It was therefore decided to hydrolyze sufficient 
protein material in different alkaline solutions to permit the 
estimation of both selenium and sulfur in the same hydrolysate 
fractions so that their relative stability could be compared. 

The results in Table II show that the stability of selenium in 
proteins is comparable to that of sulfur, but in every case a greater 
proportion of selenium than of sulfur remained in the filtrate from 
the lead precipitate. 

It is assumed that by the alkaline conditions part of the selenium 
from proteins formed insoluble lead selenide which was filtered off 
with the lead sulfide, because all organic diselenides and several 
other organic selenium compounds give lead selenide when heated 
in alkaline plumbite (Painter, 1939). When hydrolysis is carried 
out in alkaline solutions without lead, the selenium cleaved from 
its organic linkage should first appear as alkali selenide. Part 
of the sulfur removed from cystine or proteins is oxidized and 
several inorganic sulfur compounds have been reported or sus- 
pected (Thor and Gortner, 1932-33; Clarke and Inouye, 1930). 
Diselenides give rise to alkali selenides and selenites in alkaline 
solution. If oxygen is present, inorganic selenides are decom- 
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posed and metallic selenium is deposited when the solution is 
acidified. 

In view of these properties it is rather surprising that more 
selenium is not filtered out from alkali hydrolysates in the absence 
of plumbite, especially when calcium and barium hydroxides are 
used, because with these alkalies there is much insoluble material 
upon which selenium may be adsorbed. If selenium is not sepa- 
rated at this point, one would expect that the metallic form would 
separate on acidification or by the action of reagents able to reduce 
inorganic selenite or selenate. Only a small fraction of metallic 


TaBLeE III 
Selenium Cleaved by Alkaline Hydrolysis 


Total Total Se 
Hydro- im | Sein PbS | *° 
lysate Gluten Method of hydrolysis insclanie | pot.. and | “esewered 
No. Ist hy- hydrolysis} ganic Se 
drolysis 


percent | percent | per cent 





22 | 582 | 18 hrs. in 20.0% NaOH | 13.7*| 3.0 | 16.7 
23 | 582 | 56 “ =“ 6.5% Ca(OH); 15.4 9.4 | 24.8 
4 | 607 | 5“ “65% * 27.8 | 9.0 | 36.8 
25 | 582 | 51 “ “ 14.0% Ba(OH):: -8H,O 6.0 | 13.7 | 19.7 
2% | 607 | 51 “ “ 14.0% 16.7 | 14.4 | 31.1 
7 | 459 | 51 “ “ 14.0% es 14.0 | 18.3 | 32.3 
28 | 583 | 51 “ “ 14.0% " | 17.6 | 5.3 | 22.9 


* Obtained ty acidifying and vedusing | with ‘SO: and | hydroxylamine 
hydrochloride. 


selenium has been obtained by reducing an acidified alkali hydro- 
lysate of seleniferous proteins with sulfur dioxide and hydroxyl- 
amine hydrochloride. 

The insoluble residue from calcium and barium hydroxide 
hydrolysates always contained some selenium, as is shown in 
Table III. After the insoluble material was filtered off, the 
hydrolysate was acidified with HCl and boiled for about 30 
minutes. This treatment should oxidize alkali selenide to ele- 
mental selenium and remove the sulfide sulfur. The hydrolysates 
again were made alkaline with sodium hydroxide, lead oxide added, 
and the solutions boiled for 12 hours. A little lead-blackening 
sulfur was evident in every case, but there was much more in the 
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sodium hydroxide hydrolysate than in the barium hydrolysate, 
and only a trace in the calcium hydrolysate. The insoluble residue 
(lead sulfide + some organic material), which resulted from this 
second boiling in alkaline solution, contained selenium, as is 
shown in Table III. 

Presumably the selenium in the insoluble residue from the first 
hydrolysis was cleaved to give alkali selenide and oxidized to 
elemental selenium. Selenide not determined in this fraction 
should have been recovered in the lead sulfide from the second 
hydrolysis in alkaline solution. It may seem surprising that in 
most cases the total inorganic selenium recovered in Table III 
does not equal that in the lead sulfide shown in Table II, but 
Painter (1939) found that all organic selenium compounds studied, 
except benzyl derivatives, decomposed to a greater extent when 
lead was present in the alkaline solution. Since it was difficult 
to filter out completely the metallic selenium in the acidified 
hydrolysates of organic selenium compounds (Painter, 1939), 
this may account for the variations in the results as well as some 
seemingly low yields of inorganic selenium. The greatest con- 
centration of selenium in the protein hydrolysates was 0.00071 
per cent. Colloidal selenium is estimated colorimetrically but 
it would be impossible to detect in the amber hydrolysates. If, 
after the lead sulfide was filtered out from the hydrolysate of a 
seleniferous protein, the rest of the lead was removed by addition 
of hydrogen sulfide, there was always a small percentage of 
selenium in the second lead sulfide. 

It is assumed that the labile sulfur shown in Table II arises 
from cystine or cysteine. Blumenthal and Clarke (1935) give 
evidence that other sulfur compounds besides cystine and meth- 
ionine occur in certain proteins; yet with the exception of djenkolic 
acid isolated by Van Veen and Hyman (1935), no other sulfur- 
containing amino acid has been isolated from plant proteins. 

Although the lability of sulfur in the complex peptide linkages 
in proteins may be different from that of cystine or cysteine (Brand 
and Sandberg, 1926), the amount of lead sulfide formed in alkaline 
hydrolysis after reduction with stannous chloride > 6.5 per cent 
calcium hydroxide > 20 per cent sodium hydroxide ; the same order 
as is obtained with cystine. The action of the different alkalies 
was, however, more pronounced with the acid hydrolysates than 
with the proteins. 
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By assuming that the amount of lead sulfide formed during the 
alkaline hydrolysis of proteins or acid hydrolysates approximates 
that from cystine by similar treatment (Zahnd and Clarke, 1933; 
Thor and Gortner, 1932-33; Clarke and Inouye, 1930), values for 
cystine are obtained which agree well with those reported by 
Jones, Gersdorff, and Moeller (1924-25), Looney (1926), and 
Baernstein (1932) for cereal proteins. 

Most of the sulfur lost by hydrolysis of gluten by 33 and 50 
per cent H,SO, is labile sulfur (compare Hydrolysates 9, 14, 15, 
and 16, Table II). There is much more sulfur in the humin when 
the stronger acid is used but a larger percentage of the total sulfur 
in the hydrolysate is labile sulfur. This may be explained by the 
work of Butz and du Vigneaud (1932-33) and Riegel and du Vi- 
gneaud (1935-36) who show that 50 per cent H,SO, converts meth- 
ionine to homocystine or a thiolactone. Either of these com- 
pounds will give labile sulfur when heated in alkaline plumbite. 

An intimate relationship between the mechanism of selenium 
and sulfur elimination from the protein molecule is suggested by 
the results. In most cases the percentage of selenium in the lead 
sulfide was increased by hydrolysis in solutions which removed a 
larger percentage of the sulfur from the protein. In every case, 
however, the percentage of total selenium in the lead sulfide 
precipitate was less than the percentage of total sulfur. Some 
selenium remains in the humin by acid hydrolysis, as is the case 
with sulfur, but when strong acids are used to hydrolyze the 
proteins the percentage of total selenium in the humin greatly 
exceeds that of sulfur (Hydrolysates 15 and 16, Table II, and 
selenium in humin). The presence of a diselenide is indicated 
but most diselenides give more lead selenide in alkaline plumbite 
(Painter, 1939). One selenium ether and one seleninic acid gave 
considerable lead selenide but seleninic acids also cleave in alkali 
to give selenite. 

Recently Horn and Jones (1940) reported the isolation of a crys- 
talline selenium compound from a plant source. Their product 
contains amino nitrogen and sulfur. The structure suggested 
by the empirical formula is of additional interest, because no 
analogous type of amino acid has been isolated. They report 
that the selenium in their compound is surprisingly stable, but 
not enough properties are given to show any relationship between 
their compound and the present work. 











564 Bases on Seleniferous Proteins 


EXPERIMENTAL 


The wheat glutens were obtained by salting-out crude wet 
gluten dispersed in 0.075 N acetic acid by the method previously 
described (Franke and Painter, 1936). The other proteins were 
extracted from finely ground grain with 0.2 per cent sodium 
hydroxide. After the protein solution had passed through a 
Sharples supercentrifuge, the protein was precipitated by neutral- 
ization. All analyses are reported on air-dried products. 

The protein hydrolysate of the wheat gluten was obtained by 
sulfuric acid hydrolysis. The sulfuric acid was removed by 
barium hydroxide and the hydrolysate dried and kept in a 
desiccator. 

TABLE IV 
Determination of Sulfur in Lead Sulfide 


Sulfur 
Source of PbS : 
Parr bomb method ar ~~ 
per cent per cent 
Protein hydrolysate 3.33 3.32 
- i 1.90 1.80 
Galena ore* 12.29 12.37 


* In the determination of sulfur on this sample by the method of Zahnd 
and Clarke it was necessary to add ammonium acetate to prevent the 


precipitation of lead sulfate. 


In the hydrolysis of proteins, 1 gm. of protein was added to 20 
ml. of sodium or calcium hydroxide solution or to 25 ml. of barium 
hydroxide solution. To insure an excess of lead, 1 gm. of lead 
oxide was allowed for every 10 gm. of protein. When stannous 
chloride was used, 1 gm. was added for every 25 gm. of protein, 
except when the procedure of Zahnd and Clarke (1933) was 
followed. Hydrolysis of wheat gluten with 7.6 per cent barium 
hydroxide indicated that approximately 50 hours boiling were 
necessary before the biuret test was negative. With 6.5 per cent 
calcium hydroxide, approximately 56 hours were necessary to 
hydrolyze the protein completely. 

Usually 10 to 50 gm. of protein material were hydrolyzed be- 
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cause of a number of analyses to be made on each hydrolysate. 
After hydrolysis was complete, the materials were cooled, filtered 
by suction through a Buchner funnel, and made up to volume. 
The lead sulfide and other insoluble material were washed, dried, 
and weighed. 

The use of the Parr bomb to determine sulfur in lead sulfide 
appeared more rapid than methods described. To check this 
method determinations were made on three samples with the 
bromine-chlorate method of Zahnd and Clarke (1933) and the 
Parr bomb method. The two samples of lead sulfide from protein 
hydrolysates have low sulfur values, because most of the weight 
was undissolved alkali. As high as 12 per cent sulfur has been 
obtained in lead sulfide formed from a protein in alkaline plumbite. 

A sample of the hydrolysate equivalent to 0.5 gm. of protein 
material was pipetted into an evaporating dish, neutralized, and 
dried. Sulfur was then determined by the Parr bomb method. 

All selenium determinations were made by the method of 
Robinson et al. (1934). 


SUMMARY 


Several seleniferous proteins and acid hydrolysates of selenif- 
erous proteins have been hydrolyzed in alkaline solutions. The 
amount of selenium cleaved and recovered as inorganic selenium 
has been determined. When hydrolysis was carried out in the 
presence of alkaline plumbite, some selenium (probably as lead 
selenide) was in the lead sulfide. The selenium and sulfur dis- 
tribution in the lead sulfide and hydrolysate was determined. 
If quantitative recoveries of cleaved selenium were obtained, 
the percentage of “labile selenium” was less than the percentage 
of “labile sulfur.” It appears that the organic selenium com- 
pounds in proteins and in acid hydrolysates of proteins are more 
stable in basic solutions than are the sulfur compounds. 

Selenium appears to be in essentially the same forms in the acid 
hydrolysates as in the original protein. 

Acid hydrolysis of proteins results in a loss of labile sulfur but 
the loss of “labile selenium’”’ exceeds the loss of “labile sulfur.” 

The destructive action of three alkaline solutions on cystine 
in proteins was in the order Ca(OH), > Ba(OH). > NaOH. 
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The observation that the body fluids of phenylpyruvic individ- 
uals contain an abnormally large quantity of phenylalanine 
indicated that this disease was associated with an error in phenyl- 
alanine metabolism (1). Subsequently it was observed that 
fractional precipitation of the serum proteins with phosphate 
buffer of varying concentrations indicated a possible difference 
in the protein composition of normal and phenylpyruvie sera.' 
In the light of these observations, it was deemed advisable to 
investigate the amino acid composition, especially that of phenyl- 
alanine, of some tissue proteins prepared from phenylpyruvic 
oligophrenic and from normal persons. Therefore, brain, liver, 
kidney, and blood proteins were analyzed for nitrogen, sulfur, 
histidine, arginine, lysine, cystine, tyrosine, tryptophane, threo- 
nine, and phenylalanine. 


EXPERIMENTAL 


Estimation of Phenylalanine—In view of the importance of 
estimating as accurately as possible the proportion of phenylala- 
nine present in the proteins, hydrolyses with various reagents were 


* This investigation was aided by a grant from Child Neurology Re- 
search (Friedsam Foundation). 
' Kondritzer, A. A., unpublished experiments. 
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carried out: 100 mg. portions of protein were heated under a 
reflux at 125° in an oil bath with 8 N sulfuric acid, 20 per cent 
hydrochloric acid-concentrated formic acid 1:1, concentrated 
hydriodic acid, 18 to 20 per cent hydrochloric acid, and 5 N sodium 
hydroxide. The time of heating was 2 hours. Phenylalanine 
was determined by the colorimetric method described recently 
(1,2). The results of a few such experiments are given in Table I. 

It will be seen that without exception the highest values were 
obtained after alkaline hydrolysis. However, the majority of 
phenylalanine estimations reported in Table II were made on 
hydrolysates prepared by heating with 8 N sulfuric acid overnight. 
Inspection of Table I shows that, although considerable variations 
in the percentages of phenylalanine were found by different 
methods of hydrolysis, a comparative analysis of normal and 
phenylpyruvic sera by any of the methods employed is capable 
of yielding significant results with the possible exception of 
hydrochloric acid-formic acid hydrolysis. 

Recovery of Added Phenylalanine—Previous experiments (1, 2) 
indicate that all of the phenylalanine added to a protein hydroly- 
sate is recovered by the o-dinitrobenzene method. However, this 
does not indicate how much of the amino acid is destroyed during 
hydrolysis. In an effort to obtain information of this nature, the 
following experiments were carried out. 200 mg. portions of 
gelatin or the same quantity of protein together with added 
phenylalanine was hydrolyzed with 8 n H.SO,, HCI-HCOOH, 20 
per cent HCl, and 5 nN NaOH as described above. The results of 
a few of these experiments, which are summarized in Table III, 
appear to confirm the superiority of alkaline hydrolysis. 

Amino Acid Composition of Some Proteins Prepared from Tissues 
of Normal and Phenylpyruvic Oligophrenic Individuals—Blood 
was drawn from fasting normal and phenylpyruvic humans. 
The serum was removed by centrifugation and the proteins were 
isolated by heat coagulation or by precipitation with acetone. 
The lipids were extracted with hot alcohol, benzene, and ether 
and the white powdery proteins were dried at 110°. Proteins 
of the erythrocytes were extracted with organic solvents and 
dried in the same way. The serum proteins from twenty-nine 
normal and twenty-one oligophrenic individuals were used for 
nitrogen and phenylalanine estimations. The other amino acids 
reported in Table II were estimated on pooled specimens. The 
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values for normal serum are average figures from previous studies 
except in the cases of nitrogen and of phenylalanine. 


TaBLe I 
Phenylalanine Found on Hydrolysis of Proteins by Various Reagents 


Hydrolyzing agent 


SO. HCI-HCOOH | HI HCl NaOH 
per cent per cent per cent per cent per cent 
Casein ; 3.9 (3) 4.9 (3) 4.3 (3) 5.0 (3) 5.8 (6) 
Egg albumin... §.2 (3) 5.9 (3) 5.4 (3) | 5.4 (3) | 6.8 (6) 
Lactalbumin. 4.5 (4) 2.9 (3) 3.9 (3) | 3.6 (3) | 4.8 (6) 
Gelatin. ..... 2.1 (12) 2.0 (12) 1.3 (12) | 2.1 (12) | 2.6 (12) 
Normal serum 5.0 (30) 6.1 (3) 4.9 (3) | 5.0 (3) | 7.0 (6) 
Phenylpyruvic 
serum........ 5.3 (31) 5.3 (3) 4.9 (3) | 5.4 (6) 7.1 (6) 


The values in parentheses indicate the number of experiments. 


TABLE II 


Amino Acid Composition of Some Proteins of Normal and Phenylpyruvic 
Oligophrenic Individuals 


: . : a no.| TYYP- | Phen- 

Protein wince | Hie, | Are iuosine Coe | Wyse | eel ae | Bile 

per per | per | per | per | per per | per 

cent cent | cent cent | cent cent cent | cent | cent 

Normal serum*.. 14.9 | 2.4 | 4.5 | 7.0 | 3.6 | 4.1 | 0.4 | 5.8 | 5.0 

Phenylpyruvict oligo- 

phrenia, serum...... 14.9 | 2.1 | 4.4, 6.2/3.1 4.3 0.4 | 5.6 | 5.3 

Normal, red cells..... 16.1 | 6.1 | 2.6 | 6.2 | 1.0 | 6.5 | 1.2 | 5.7 | 8.5 
Phenylpyruvic, red 

cells. ... © 15.5 | 5.6 | 2.5 | 5.8/1.0 / 5.8/1.0 | 5.2 | 7.2 

Normal, brain........| 14.1 | 1.9 | 5.1 | 5.2 | 1.5 | 3.6 | 0.6 | 5.1 | 6.0 

Phenylpyruvic, brain. 14.3 | 1.9 | 5.4 | 5.3 | 1.5 | 3.4 | 0.6 | 5.4 —~=45.7 

Normal, liver.........| 13.6 | 2.3 4.2/5.7 1.4| 2.9/0.5 | 4.9 | 6.2 

Phenylpyruvic, liver..| 13.7 | 1.9 | 4.0 | 4.2 | 1.4 | 3.4 | 0.7 4.9 —=6.3 

Normal, kidney......| 13.3 | 1.9 | 4.5 4.0 (1.3 | 2.9 | 0.6 | 4.4 5.2 

Phenylpyruvic, kidney 14.2 | 1.9 | 4.6 | 4.3 | 1.3 | 2.8 | 0.6 | 4.3 | 5.2 


* Sulfur, 1.46 per cent. 
t Sulfur, 1.44 per cent. 


The brain, liver, and kidney proteins were prepared from washed 
organs. These tissues were obtained at autopsy from one phenyl- 
pyruvic patient, a female 19 years of age. The normal tissue 
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proteins were similarly obtained from a female of approximately 
the same age and build as the patient. 

All analyses were carried out two or more times. Nitrogen 
was determined by the macro-Kjeldahl method, sulfur by the 
Parr bomb procedure, and the amino acids by the methods de- 
scribed previously (3, 4). 

The analytical results are summarized in Table Il. The data 
do not show any significant differences in the amino acid composi- 
tion of normal and phenylpyruvic blood and tissue proteins. 
Statistical treatment of the results obtained after H.oSO, hydrolysis 


TABLE III 
Recovery of Phenylalanine Added to 200 Mg. of Gelatin before Hydrolysis 


Hydrolyzing agent o> - . a Recovery 
mg. mg. per cent 
NaO 2.5 9 
- H > 4 9 96 
2.5 
: of ‘ 
HCl 2.5 1.3 92 
- 2.0 
HCOOH-HC! 2.5 4.2 - 
- 1.9 ih 
H.SO, 2.5 4.2 
re 21 84 
HI 2.5 2.6 - 
ve 
ce l 3 


All analyses were carried out six or more times. 


of normal and oligophrenic serum proteins (by Dr. Joseph Zubin 
of the Psychology Department) indicates that these proteins do 
not differ significantly in phenylalanine content. 
DISCUSSION 

Westenbrink (5) in a recent review lecture says, “It will be 
clear that most proteins isolated from animal tissues are not 
characterized nearly sharply enough to provide an adequate 
material for investigations aiming at detecting physical ér chemi- 
cal differences between corresponding proteins from different 
species. We must confine ourselves to the whole protein complex 
of a certain organ or to some protein which happens to be highly 
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independent of the method of preparation.’’ This statement is a 
concise summary of the ideas which we have pursued in this and 
previous investigations in comparative biochemistry (cf. (6) and 
earlier papers). The studies on keratins and serum proteins 
(orosins) are examples of Westenbrink’s first class, while those 
on crystalline hemoglobins are examples of the second group. 

Claims of differences in the composition of the same protein 
fractions among normal individuals of the same species or of 
purified proteins of normal and pathological individuals are 
still in a controversial state except in the case of the sulfur-con- 
taining amino acids. Roche (7) has claimed that the muscles of 
protein-starved rats show an increase in the content of the mono- 
amino acids and a decrease in tryptophane, tyrosine, and espe- 
cially of lysine. The experimental data offered in proof of this 
statement are inadequate. Dirr (8) reported that the ingestion 
of arginine by normal individuals results in an increase in the 
arginine content of the serum proteins within a short time. These 
findings have not been confirmed (9). On the other hand the 
experiments of H. B. Lewis (10, 11) have shown clearly that the 
sulfur and cystine content of hair can be changed by dietary means. 
Alving and Mirsky (12) have also reported differences in the 
cystine contents of normal and pathological serum protein frac- 
tions, while Valer (13) has found differences in the sulfur content 
of crystalline hemoglobin prepared from different individuals of 
the same species. 

In view of the reports in the literature cited above, it is of 
interest that the data presented in this paper show that the rela- 
tive amounts of the nine or ten protein constituents determined 
are approximately the same in the blood, brain, liver, and kidney 
proteins of normal and oligophrenic individuals. In the case of 
the serum proteins, these findings are in accord with the electro- 
phoretic (Tiselius) experiments of Dr. T. Shedlovsky and Dr. 
J. Seudder.? 


SUMMARY 


1. Several proteins were hydrolyzed with 8 N sulfuric acid, 
hydrochloric acid, hydrochloric acid-formic acid, hydriodic acid, 


? Personal communication. 











572 Phenylalanine. III 


and 5 n sodium hydroxide. The results show that hydrolysis 
with sodium hydroxide gives the highest values for phenylalanine. 

2. Proteins prepared from the sera, erythrocytes, brains, livers, 
and kidneys of normal and phenylpyruvic oligophrenic individuals 
were analyzed for their content of nitrogen, sulfur, histidine, 
arginine, lysine, cystine, tyrosine, tryptophane, threonine, and 
phenylalanine. 

3. No significant differences were found in the amino acid com- 
position of the proteins of the blood and tissues of normal and of 
phenylpyruvic oligophrenic persons. 
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But few observations have been reported in which the complete 
hydrolytic products of a protein were used for the regeneration 
of serum protein. Elman injected a casein digest intravenously 
in dogs after massive hemorrhage and observed slight increase 
in serum albumin after 6 and 24 hour periods (1). Over a period 
of years Whipple and coworkers have studied the effect of single 
amino acids on hemoglobin regeneration in their standard anemic 
dogs. A comprehensive survey of their findings has just appeared 
(2). Singly, each of sixteen amino acids was effective in increas- 
ing hemoglobin production; but certain chemicals, namely iso- 
valeric acid, 6-hydroxybutyric acid (or ester), glutaric acid, and 
even riboflavin (3), exerted the same effect. Their studies on 
dogs with lowered plasma protein (plasmapheresis) have resulted 
in the same type of finding. Thus, a mixture of cystine, glutamic 
acid, and glycine (4), or cystine alone (5), or other mixtures of 
amino acids containing cystine (6) resulted in large increases in 
serum protein when fed to dogs on a basal liver diet. Such find- 
ings raise in our minds the question of whether all such observed 
changes, resulting from incomplete mixtures of amino acids or 
particular chemical substances, are not solely the effect of a chem- 
ical stimulation, or mobilization of protein from body stores of 
protein, as distinguished from a new synthesis from the ingested 
protein materials. It was the object of this work to determine 
whether a digest of casein, consisting largely of amino acids, might 
promote as rapid growth and be as effective in the regeneration of 
serum protein as the unhydrolyzed protein. The experiments to 
be described indicate this was indeed the case. 
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The nutritive value of specific proteins has been determined 
in a variety of ways; e. g., by the growth of experimental animals 
limited to the particular protein under investigation, by the 
amount required to maintain nitrogen equilibrium, and by the 
relative effectiveness in the regeneration of serum protein.. Two 
methods are currently used to induce experimental hypopro- 
teinemia, plasmapheresis and subsistence on a low protein diet. 
Plasmapheresis has been used largely by Whipple and Robscheit- 
Robbins (7) in their studies on both hemoglobin and serum pro- 
tein regeneration. During observation the experimental dogs 
subsisted on a standard salmon bread diet. A modification (8) 
consists similarly in plasmapheresis (with differences in technique) 
but subsistence is on a protein-free diet. 

The procedure of Weech and Goettsch (9) seems to us as some- 
what more physiological. Dogs are maintained for a period of 
3 weeks on a standard low protein diet. At the end of this period 
a drop in the level of albumin in the serum is noted. After a 
subsequent period of regeneration (with the protein and caloric 
intake constant) the increase in serum albumin is used as the 
index for assessing biological values. 

Weech and Goettsch have compared beef serum protein, egg 
white, beef chuck, beef liver, casein, and gelatin for their ability 
to effect replenishment of a low serum protein (10). Consider- 
able difference in effectiveness of the different proteins was 
noted; they are listed above in decreasing order of effectiveness. 
The authors show there is a difference of slight significance be- 
tween serum protein and egg white, but that the differences be- 
tween the former and the other proteins are highly significant. 
By recalculation from data given by Whipple and his associates, 
they show that findings with the two techniques are identical so 
far as the order of efficiency of the six proteins is concerned. 

Rose (11) has summarized the cumulated experience with 
mixtures of amino acids, in their ability to support growth and 
maintain nitrogen equilibrium, in addition to his estimation of 
those acids essential and non-essential to the organism. 


EXPERIMENTAL 


To prepare the digest, casein was carefully washed to free it so 
far as possible from residual milk salts, lactose, and lactalbumin. 
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It was then digested at optimum pH and temperature with fresh 
pancreas extract until the amino acid content showed no further 
increase. Enzymic action was stopped, and the filtrate de- 
colorized, concentrated, and spray-dried. After drying, the 
preparation contained 12.54 per cent total nitrogen and 7.41 
per cent amino nitrogen (Van Slyke). In a sample boiled with 
concentrated acid, the amino nitrogen was 10.51 per cent. Com- 
plete hydrolysis by the enzyme had not been attained but all 
protein tests were negative (save for a slight biuret reaction), and 
it was impossible to sensitize guinea pigs to the dissolved material, 
or to produce shock with it in those sensitized to skim milk.’ 
The preparation has been administered orally to infants as the 
sole source of nitrogen and positive nitrogen balances resulted 
(12). It has been injected intravenously in experimental dogs 
in large amounts without untoward effects,* although mild tem- 
perature reactions have sometimes been noted after its intravenous 
administration to infants (12). 

Growth of Rats—Ten rats, 21 days of age, equally distributed as 
to sex and litter, were placed on each of eight diets containing 
5, 10, 15, and 20 per cent of vitamin-free casein, or the casein 
hydrolysate, as the sole source of nitrogen save for the small 
amount contained in the brewers’ yeast. The composition of the 
diets with 5 per cent casein or digest was as follows: dextrin 77 
per cent, lard 9, salts (13) 4, cod liver oil 2, wheat germ oil 1, 
brewers’ yeast powder 2, thiamine chloride 0.0006, riboflavin 
0.0002. As the level of casein, or casein digest, was raised, the 
amount of dextrin was decreased proportionally. 

The rats were kept on wire screens, offered the diet ad libitum, 
and weighed weekly for 8 weeks. There was a slight difference 
in the nitrogen contributed by the two supplements. The vita- 
min-free casein contained 15.40 per cent total nitrogen and the 
casein digest 12.54 per cent. In spite of this difference, the two 
materials were incorporated in the diets in equal and parallel 
amounts. The average weight curves are given in Fig. 1. The 
results are strictly comparable, because five male and five female 
litter mates were on each diet. At all levels of feeding the digest 


‘We wish to express our appreciation to Dr. P. 8S. Prickett and Nor- 
man J. Miller of this laboratory, for conducting these experiments. 
* Unpublished observations in this laboratory. 


—— 
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gave larger weight gains than the corresponding level of casein; 
thus the differences in average weight after 8 weeks on the diets 
were at 5 per cent 1.1 gm., at 10 per cent 10.8 gm., at 15 per cent 
30.8 gm., at 20 per cent 27.1 gm. The major portion of this 
superior gain was due to the more rapid growth of the males 
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DAY 
Fic. 1. Average growth curves of ten rats (equally distributed as to 
sex and litter) on each of eight diets containing the indicated percentage of 
casein or an enzymic digestof casein as the principal source of nitrogen. 


receiving the digest. The males fed 20 per cent casein gained 
6.3 per cent more weight than the females; on the digest they 
gained 23.2 per cent more; at 15 per cent intake comparable figures 
were 7.4 and 40.1 per cent; at 10 per cent intake, —2.8 and 10.2 
per cent; at 5 per cent, —33.3 and —26.4 per cent respectively.’ 


* These differences merely indicate that the male uses a larger proportion 
of ingested nitrogen for growth than does the female. Similar observations 
have frequently been made (14). 
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The growth on 20 per cent casein and on 15 and 20 per cent of 
the digest was equal or superior to that observed on the stock 
diet and on a purified diet adequate for reproduction (15). 

In a second series of rats weight records were supplemented 
with measurement of food intake and the determination of the 
nitrogen and water content of the rat carcasses after 8 weeks on 
the experimental diets. Ten 21 day-old stock rats, equally dis- 
tributed as to litter and sex, on wire screens, were fed each of the 
two diets containing 15 per cent by weight of the nitrogenous 
component.‘ A record was made of the weight and food intake, 
and the latter corrected for any food spilled. After 8 weeks the 
rats were killed, decapitated, and the stomach and intestines 
removed. They were placed in individual, sealed, glass jars, 
cooked at 15 pounds of steam pressure for an hour, and then 
hashed in a meat grinder, with due precautions to get a uniform 
mixture. Total nitrogen and moisture were determined in 
triplicate. 

The summarized findings are given in Table I. In this series, 
also, the rats fed the digest of casein gained more weight than 
their litter mates on unhydrolyzed casein. In terms of nitrogen, 
the casein-fed rats gained 9.75 gm. (s.p. 0.77) per gm. of ingested 
nitrogen,® while the rats fed the digest gained 11.88 gm. (s.p. 1.21) 
per gm. of ingested nitrogen. There was no essential difference 
in the composition of growth in so far as the nitrogen and 
water content of the rat carcasses was concerned. The average 
N content of the casein-fed rats was 3.40 per cent; of the digest- 
fed, 3.34 per cent. The solids content was 38.36 and 39.08 
per cent, respectively. 

The average differences in weight for comparable groups at the 
end of the experimental period have been subjected to statistical 
analysis. For the 20, 15, and 10 per cent levels the probability 
integrals® were 0.0598, 0.035,7 and 0.246, respectively. Prevalent 
usage demands that the probability integral be 0.05 or less before 


‘ The nitrogen content of the diet containing casein was 2.32 per cent; of 
the diet containing casein digest, 1.98 per cent. 

5 We make no effort to distinguish between the nitrogen that might have 
been used for maintenance and that used for growth. 

* From tables of ¢ given by Fisher (16). 

7 With both series of rats fed the 15 per cent level of casein or casein 
digest (i.e., forty rats). 
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a significant difference can be assumed; to be highly significant 
the integral should be less than 0.01. Only one of the differences 
above (at the 15 per cent level) is less than 0.05. It is not pos- 
sible to decide solely from growth during an 8 week period the 
relative nutritive value of two substances. However, the sup- 


TaBLe | 
Food Intake, Weight Gain, and Carcass Composition of Rats Fed Either 15 
Per Cent Casein or Casein Digest As Sole Source of Nitrogen 
for 8 Weeks 


Gain per Total Gain per Per cent 


cedar | Neouree | weight | Geyer | food, | am.N | Ninwet | “sols 
gm. gm. gm. gm. 

81 9 Casein 52 2.00 586 8 .22 3.40 40 .54 
82 9 - 44 2.36 573 9 .92 3.42 39.91 
83 9 1 47 1.79 459 9.38 3.38 40 .33 
84 9 ” 49 1.93 467 9.95 3.15 36 .70 
85 9 52 1.93 510 9.12 3.34 40 .26 
86 "9 47 2.14 490 10.55 3.54 39 .68 
87 0 a 53 1.86 443 10.10 3.41 36.91 
88 # - 47 2.46 611 9.73 3.50 35 .96 
89 ™ 51 1.93 488 9.53 3.40 36 .60 
90 fr 57 3.02 661 11.01 3.46 36 .66 
91 9 Digest 50 2.16 527 11.58 3.27 39.11 
92 9 - 43 1 .62 444 10.35 3.21 40.11 
93 9 = 48 2.04 475 12.11 3.15 39 .07 
94 9 “ 48 2.34 524 12.63 3.14 37 .85 
95 9 54 1.89 563 9.50 3.34 36 .56 
96 : 46 2.61 647 11.39 3.89 40 .47 
97 . 49 1.55 361 12.15 3.58 36 .30 
98 = 45 3.20 613 12.75 3.03 39 .79 
99 #7 = 50 2.37 500 13.43 3.27 39 .03 
100 # _ 57 3.27 716 12.91 3.47 42.49 
Average for casein.. 50 2.14 529 9.75 3.40 38 .36 
a “* digest. 49 2.31 537 11.88 3.34 39 .08 


a 


plementation of such figures with the finding that per gm. of 
nitrogen ingested the digest of casein gave considerably more 
growth than did casein itself strengthens the thought that the 
digest is nutritionally superior to the unhydrolyzed casein. 
Serum Protein Regeneration—The basal nitrogen-low diet and 
the technique used throughout were those described by Weech 
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and Goettsch (9, 10). Three groups of dogs were made hypo- 
proteinemic by feeding them the low proetin diet for 3 weeks; 
they were then fed supplements of either casein or casein digest 
for a regeneration period of 1 week. During the regeneration 
period each dog was fed daily 53.4 gm. per kilo of the basal diet. 
The control group received in addition that amount of casein 
(13.66 per cent N) required for a protein intake (N X 6.25) of 
2.5 gm. per kilo of body weight. The protein content of the basal 
diet is given by Weech and Goettsch as 0.854 per cent,® so that 
0.45 gm. of protein per kilo was furnished by the basal diet and 
2.05 gm. per kilo were supplied by the casein. The weight of 
casein to supply this amount of protein was 2.40 gm. per kilo. 
The caloric intake was 80 calories per kilo of body weight. 

The first experimental group received the casein digest (with- 
out regard to the nitrogen content) at a level calculated on the 
probably erroneous assumption that except for the moisture (3.7 
per cent) and ash (4.5 per cent) the digest consisted solely of the 
hydrolytic products of pure protein. On this basis the supple- 
ment consisted of 2.23 gm. of hydrolyzed casein per kilo. In the 
second experimental group, feeding was based solely on equiva- 
lence in nitrogen intake. As the controls had received 0.327 
gm. of nitrogen per kilo from the casein supplement, this group 
of dogs received a like amount of nitrogen from hydrolyzed 
casein, or 2.61 gm. of the supplement per kilo. 

Total serum nitrogen and serum albumin were determined in 
duplicate on blood taken at the beginning, at the end of 3 weeks 
depletion, and after 1 week of regeneration. All nitrogen deter- 
minations were by the micro-Kjeldahl procedure. Non-protein 
nitrogen and amino nitrogen determinations were run on most of 
the samples but no significant change in any of these values was 
observed. 

The essential data are presented in Table I]. The assay values 
were calculated by adding a constant, 0.15, to the figures repre- 
senting the gains in albumin in gm. per 100 cc. The magnitude 
of this constant was determined experimentally by Weech and 
Goettsch to compensate for the fall in albumin that would be 


* The average protein content of twenty-five batches of the basal diet 
as made in this laboratory was 0.638 + 0.011 per cent. Actually, the basal 
diet contributed 0.34 gm. of protein per kilo. 
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TABLE II 


Assays of Casein and Casein Digest for Albumin Formation 


Serum albumin per 100 cc. plasma 


Dog No. - Assay value 
Initial Depletion Regener®-| eg Gain 
Casein, 2.4 gm. = 0.327 gm. nitrogen ~ 2.5 gm. total protein per kilo 
body weight 
gm. gm. gm. gm. gm. 
9 3.60 1.88 2.43 1.72 0.55 0.70 
5 4.11 3.22 3.75 0.89 0.53 0.68 
8 3.41 1.96 2.40 1.45 0.44 0.59 
7 3.96 2.15 2.44 1.81 0.29 0.44 
4 3.82 2.87 3.16 0.95 0.29 0.44 
6 3.61 2.69 2.93 0.92 0.24 0.39 
2 4.22 3.07 3.30 1.15 0.23 0.38 
3 3.09 2.39 2.58 0.70 0.19 0.34 
l 4.07 3.05 3.22 1.02 0.17 0.32 


Potency value 0.476 + 0.032 


Casein digest, 2.23 gm. = 0.279 gm. nitrogen per kilo body weight 
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0.42 
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0.380 + 0.032 


0.61 
0.40 
0.39 
0.38 
0.35 
0.28 
0.28 
0.26 
0.10 


0.339 + 0.031 
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expected during a 4th week of depletion in the absence of the 
casein supplement. The potency values are the averages of the 
assay Values in each group. 

The potency value for casein was slightly higher than for the 
casein digest: for casein, 0.476 + 0.032,° and for the two series 
with the casein digest, 0.380 + 0.032, and 0.339 + 0.031. 

The differences are small and statistically unreliable, as can 
be seen from the estimates (probability integral) of the signifi- 
cance of the difference in potency value between casein and each 
series of the digests. 


Difference in Probability 


potency values integral 
Casein digest (lower level) and casein 0 .096 0.175 
- « (higher “* ) “ rl. 0.137 0 .057 


Since the probability integral in neither series is less than 0.05, 
it is necessary to conclude that there is no important difference 
in the regeneration of serum protein as effected by casein or a 
casein digest. 


DISCUSSION 


Published observations on protein digests have usually shown 
that such materials constitute adequate sources of nitrogen for 
growing animals, provided there is a deficiency of none of the 
essential amino acids and all toxic by-products of protein hydrol- 
ysis are absent. These conclusions can be confirmed from the 
work reported here. Technical perfection of a method to pro- 
duce adequate quantities of a satisfactory digest was an essential 
part of the experiment, as the laboratory scale procedures usually 
employed are difficult to duplicate in successive trials, and usually 
yield materials of varying purity. By making a large amount 
of the digest it was possible to use the same material in different 
experiments without limitation because of inadequate supplies. 

Observations on rats showed the digest was at least equal to 
the unhydrolyzed casein. The results suggest that it was su- 
perior. At four levels of intake, the average weight gain of the 


* Probable error calculated as \/2d?/(N — 1) X 0.6745/+/N. 
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digest-fed animals was greater than that of the casein-fed rats; 
and measurement of food intake at the 15 per cent intake level 
showed that per gm. of ingested nitrogen the digest gave larger 
gains in body weight than the unhydrolyzed casein. Analysis 
of the rat carcasses after 8 weeks on the experimental diets showed 
no important difference in total nitrogen or water content of the 
two groups. Thus the digest was fully available for metabolic 
purposes, and was as efficiently used as unhydrolyzed casein. 

Serum protein regeneration is regarded as a fairly accurate 
index of the nutritional value of different proteins. We were 
unable to find any statistical difference in the effect of casein and 
casein digest in this regard. On the other hand, observations 
have been reported by Whipple and coworkers (2-7) that lacto- 
flavin, isovaleric acid, and single amino acids result in serum pro- 
tein or hemoglobin regeneration. The procedure we have em- 
ployed, namely subsistence on a low protein diet and 1 week’s 
regeneration, results in different potency values for different 
proteins (10) but observations on the effect of single amino acids 
or other chemicals have not been made. It is essential to know 
whether such materials, under the conditions of the experiment, 
will show protein regeneration. If they do, various modifications 
in the experimental procedure may have to be made. Such 
studies are now under way. 


SUMMARY 


1. The growth of 50 rats on four levels of casein has been com- 
pared with the growth of 50 litter mates fed identical levels of an 
enzymic digest of casein as the principal source of nitrogen. Food 
intake records showed that per gm. of nitrogen ingested casein 
gave 9.75 gm. gain in weight, whereas on the same basis the 
enzymic digest of casein gave 11.9 gm. gain in weight. The 
nitrogen and water content of the rat carcasses in the two groups 
was essentially the same. It was evident in all comparisons that 
the digest of casein was nutritionally equal or superior to casein 
itself. 

2. The same two materials were used as supplements to effect 
regeneration of low serum protein induced in dogs by subsistence 
on a low protein diet. The average potency value obtained for 
the digest of casein was slightly lower than that for the casein 
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itself, but statistical analysis of the observed average differences 
indicates equality for the two substances in the regeneration of 
serum protein. 


We wish to express our indebtedness to Dr. A. A. Weech for 
his assistance in the statistical interpretations. 
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THE APPEARANCE OF RADIOACTIVE IRON AS 
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It was pointed out recently that radioactive iron' could be 
demonstrated in the circulating red blood cells in a remarkably 
short time following feeding of the material to an anemic dog (6). 
Before we can be sure that it is present as hemoglobin iron and not 
in some precursor of the pigment, it must be demonstrated in the 
hemoglobin molecule. Routinely it would hardly be practicable 
to crystallize hemoglobin from all blood samples being studied, so 
several experiments were undertaken to determine the relation 
between the radioactive iron of hemoglobin and that of the red 
blood cell. 

Many investigators now recognize a small fraction of the rea 
cell total iron as non-hemoglobin iron. Barkan (2, 3) has exten- 
sively studied the so called “‘easily split” fractions of red cell iron. 
In order to convince ourselves that the iron appearing in the blood 
stream shortly after feeding is not in either of these fractions, these 
experiments were an essential step in our investigations of the 
iron isotope. 


Methods 


Routine care of these anemic dogs has been described elsewhere 
in detail as well as methods for the determination of radioactivity 


* Lilly Fellow in Pathology. 

' We are deeply indebted to Professor E. O. Lawrence and members of 
the Radiation Laboratory of the University of California for the radioactive 
iron used in these experiments, and in particular to Dr. M. D. Kamen who 
was directly responsible for preparing the isotope. 
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(1, 4-7). The radioactive iron used was prepared by the method 
described by Wilson and Kamen (13) at the Radiation Laboratory 
of the University of California. 

Blood was drawn in isotonic sodium oxalate into 15 ml. cen- 
trifuge tubes, duplicate samples being taken in each instance. 
When there was activity in the plasma fraction, the cells were 
washed four times in saline and one of the samples of red cells 
wet-ashed with sulfuric and perchloric acids for subsequent deter- 
mination of radioactivity. The duplicate sample, if being used 
for crystallization of the hemoglobin, was always washed four 
times with saline. Crystalline hemoglobin was then obtained by 
treating these cells according to the procedure of Welker and Wil- 
liamson (12). The crystals were sucked as dry as possible on the 
filter and the drying completed in a desiccator containing concen- 
trated sulfuric acid. The dry crystals were carefully removed 
from the filter paper, weighed, and transferred quantitatively 
to a digestion flask. From here on the procedure is identical with 
that used in preparing other material containing radioactive iron 
for counting. 

The determinations of the radioactivity of the easily split iron 
fractions were carried out following treatment of washed red cells 
with an equal volume of acid (0.2 N hydrochloric, 0.2 N sulfurie, 
or 0.4 N sulfuric) in cellophane sacs according to the method as 
used by Moore (10). 

Frequent hemoglobin determinations were carried out on the 
blood of these animals. From this and hematocrit readings, we 
are able to calculate the hemoglobin content of the red cells taken 
for crystallization. Knowing the weight of the hemoglobin erys- 
tals obtained and the amount of pigment from which they were 
derived, one can determine the yield of the procedure. Activity 
measurements of the crystalline material were then made after 
ashing and precipitation of the iron (4-7) and compared with the 
activity of the duplicate samples of red cells taken simultaneously, 
the latter being multiplied by the per cent yield of crystallization. 
In general the agreement was found to be fairly close (Table I). 
The values for a sample taken 5 hours after feeding show a wide 
discrepancy in one instance. This is explainable on a basis of the 
inaccuracy of measurement when the activity of samples is so 
near the “dark count.” 
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The accuracy of measurement of the easily split fraction suffers 
somewhat because of the fact that only a small part of the total 
blood iron appears in the dialysate, and, if the total activity of the 
blood sample used is low, the accuracy of measurement of this 
fraction suffers accordingly. In such cases the accuracy probably 
is of the order obtained in chemical measurement of this small 
fraction, but not comparable with that usually possible in radio- 
active measurement. 


EXPERIMENTAL 


In Table I are presented the essential data relating to the hemo- 
globin crystallization experiments. It is true that the crystals 


TABLE | 
Radioactive Iron in Crystalline Hemoglobin 


, : . Yield of Calculated Observed 
Dog No. "feeding | reels used | crystalline | setivityin | ativigyin 
days — per cent — ~—«l ee 
38-112 10 83.5 38 31.7 33.3 
37-202 l 13.2 29 3.8 3.9 
5 42 33 14 15 
7 36 25 8.9 11.0 
37-202 0.2 0.8 31 0.3 0.7 
i 3.4 31 1.2 1.2 
37-227 0.2 1.6 34 0.6 0.7 
1 8.3 26 2.1 2.1 


obtained are not isoelectric hemoglobin, but the possibility of the 
radioactive iron being carried through the procedures and de- 
posited quantitatively with the crystals as a salt or adsorption 
complex seems quite remote. This possibility will be considered 
again when we discuss the significance of the findings with the 
easily split fraction. 

The values obtained for the easily split fraction of the red cells 
are in general agreement with those reported in the literature as 
regards magnitude. We must remember, however, that the 
radioactive iron in the blood in most instances is of recent origin 
in the red cell and these values are reported as the fraction of the 
total red cell radioiron found in this fraction and not the fraction 
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of the total cell iron. The time intervals following feeding at 
which these samples were collected were purposely varied and the 
samples were taken at chosen times when a variety of changes 
were taking place. The results may be seen in Table II. 


TaBLe II 
Easily Split Fraction of Red Blood Cell Radioactive Iron 


Per cent 
py Time x — 
, Iron Route of odenioie etter Saat” | cal ae 
Iron split off by | Dog No. dosage odienbaletiebion dame uA active 
active injection easily 
iron split 
mg. days days 
0.1 N hydro- | 38-112 122 | Intravenous 7 3 
chlorie acid 13 7 
0 20 
4 10 
0.1 N sulfuric | 38-146 17 | Gavage 7 12 
acid 38-182 160 | Intraperitoneal 1 21 
5 10 
S 7 
0.2 n sulfurie | 37-202 4.9 Gavage 1 15 
acid 2 ll 
5 17 
7 12 
38-182 166 | Intravenous 3 5 
10 i) 
12 10 
—1 16 
3 23 
7 15 
37-202 58 | Gavage 2 14 
5 6 
9 7 


* Acetylphenylhydrazine in series of five injections was administered 
subcutaneously to destroy the red blood cells. Time in days indicates the 
lapse of time between the last injection of the drug and the time of 
sampling. 

DISCUSSION 

It is apparent that the radioactive iron in the red cell is nearly 

quantitatively present in the hemoglobin crystals obtained from 


the cells. If it were present as non-hemoglobin iron but combined 
with stroma proteins, it would have been precipitated in whole or 
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for the most part by the aluminum cream used in the crystalliza- 
tion procedure. If it were in the form of a salt and carried down 
with the crystals, samples inspected for their easily split fraction 
taken at similar times would in all likelihood have shown nearly 
100 per cent of their radioactive iron in the latter fraction, since 
the acid used in that procedure would almost certainly have 
enabled the iron to dialyze through the cellophane. 

It has been suggested by Barkan and Schales (3) that the easily 
split fraction probably derives from pseudohemoglobin accom- 
panying the formation of bile pigment, the iron and the verdo- 
hemochromogen (Lemberg (9)) being the split-products. Haw- 
kins and Whipple have shown (8) that bile pigments derive from 
red cells which have reached the end of their life span, from trau- 
matized cells, or from muscle hemoglobin, the amounts from each 
source not being exactly known. They estimate that about 0.8 
per cent of the circulating red cells in the dog is broken down 
daily, giving rise to bile pigment. The remainder of the bile 
pigment formed in the dog through the other sources would be less 
than this according to their figures. The radioactive iron appear- 
ing in the easily split fraction in the experiments recorded in Table 
II was in every case present in new red cells and could therefore not 
be ascribed to breakdown due to aging of the cells. It would not 
be easy to conceive of the large amount of easily split radioactive 
iron demonstrated being the product of destruction of red cells 
by daily traumatization, since the amount would be far in excess 
of the daily breakdown as shown by the combined two possible 
sources of red cell trauma and muscle hemoglobin. 

It is true that there is a suggestive increase in the easily split 
fraction following administration of acetylphenylhydrazine, but 
we must remember that a considerable amount of iron is being 
liberated during these periods, as shown by the liberation of large 
quantities of bile pigment, and the increase in the fraction of easily 
split radioactive iron would not seem to be great enough to account 
for this. 

The easily split fraction of radioactive iron, which we know is 
present in very young red cells, is of the same order of magnitude 
as the easily split fraction of total red cell iron as found by Moore 
and his associates (10, 11). 

These results do not substantiate the hypothesis of Barkan 
that the easily split fraction of red cell iron is associated with any 
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particular stage in the aging of the red cell. In fact, the evidence 
to date suggests that the easily split fraction may very well be 
an artifact. 

SUMMARY 


Radioactive iron demonstrated in the circulating red blood cells 
following its feeding is shown to be combined in the form of hemo- 
globin by radioactivity measurements of the crystallized pigment. 

The radioactive element appears in the easily split fraction 
of the red cell radioiron in quantities ranging from 3 to 23 per 
cent of the red cell radioiron. 

There is no obvious relationship between the amount of the 
radioactive iron in the easily split fraction and the time following 
administration of the isotope. Just as much was present in the 
newly circulating red cells 24 hours after iron feeding as weeks 
later. 

There is some increase in the amount of radioactive iron in the 
easily split fraction following massive blood destruction due to 
acetylphenylhydrazine. 

It is suggested that the easily split fraction of red blood cell 
iron is an artifact. 
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The quantitative determination of urinary estrogens is being 
applied widely as a research procedure in the study of normal and 
pathological conditions. Most investigators have limited their 
work to the estimation of total estrogenic potency, although it 
has been known for some time that the urine of pregnant women 
contains at least two estrogenic compounds, theelin and theeiol. 

Experiments upon rabbits by Pincus and Zahl (1937) indicated 
that theelin is converted to theelol by the action of progesterone 
upon the rabbit uterus. It appeared, therefore, that the separate 
determination of theelin and theelol in the urine of women might 
provide a gage of progestin as well as estrogen metabolism, and a 
study (Smith, Smith, and Pincus, 1938) in which this procedure 
was carried out during a normal menstrual cycle and a pregnancy 
gave evidence in support of the supposition. Further studies 
(Smith and Smith, 1938, 1940) have confirmed this observation 
and have demonstrated that the separate determination of urinary 
estrogens yields much more information than may be gained by 





the determination of total estrogenic potency alone. 
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In the interpretation of these data it becomes of importance to 
know whether or not any estrogens other than theelin and theelol 
are contributing significantly to the estrogenic potency of the 
separate fractions. Comparison of colorimetric with bioassay 


*The Mrs. William Lowell Putnam Investigation of the Toxemias of 
Pregnancy aided by grants from the Committee for Research in Problems 
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suggested the presence in the theelin fractions of late pregnancy 
urine of some estrogen other than theelin or theelol and much 
more estrogenically active in rats than either of them, possibly 
a-dihydrotheelin (Smith, Smith, and Pincus, 1938). It was, 
moreover, discovered that semicarbazide treatment of the theelin 
fractions of urine from both pregnant and non-pregnant women 
failed to inactivate a large part of the estrogenic potency, 30 to 
60 per cent in most specimens. Investigation of the quantitative 
accuracy of the method (Cohen and Marrian, 1934) used for 
separating theelin from theelol involved recovery experiments in 
which crystalline estrogens were added to non-pregnancy urines 
of low estrogenic content (Smith, Smith, and Schiller, 1939). It 
was found that no appreciable amounts of added theelol were 
taken into the theelin fractions, indicating that the potency of 
theelin fractions after semicarbazide treatment could be very 
little if at all attributable to theelol contamination. Further, 
a-dihydrotheelin added to urine was completely recovered in the 
theelin fraction. These results again suggested the presence of 
a-dihydrotheelin in human urine, accounting for the non-ketonic 
activity of theelin fractions. Only the ketonic activity of theelin 
fractions, therefore, was considered theelin, the rest being desig- 
nated x estrogen. 

If the so called xz estrogen could be isolated and identified as 
a-dihydrotheelin, the above interpretation of results would be 
considerably strengthened. In addition to the work in the Fear- 
ing Laboratory both Westerfeld and Huffman had worked on this 
problem because of interesting results that Westerfeld and Doisy 
obtained in 1937. 

Certain reports on the isolation of a-dihydrotheelin bear at least 
superficial evidence on the identity of x estrogen with a-dihydro- 
theelin. In 1935, MacCorquodale, Thayer, and Doisy isolated 
this compound from sow ovaries. Of course, species differences 
do occur but in the absence of contradictory evidence it seems 
plausible to assume that the same compound is present in human 
ovaries. Owing to the difficulty of procuring sufficient human 
ovaries for examination, the investigation of this problem has not 
been completed but the estrogens of human placenta have been 
studied and a-dihydrotheelin isolated and characterized (Huffman, 
Thayer, and Doisy, 1940). Furthermore, the isolation of this 























Huffman, MacCorquodale, Thayer, Doisy, 593 
Smith, and Smith 


compound from pregnant mare urine by Wintersteiner and co- 
workers (1935) and the report of the large proportion of non- 
ketonic estrogen in that source by van Stolk and de Lenchere 
(1937) indicated that the examination of human urine for dihydro- 
theelin might be attended with success. 

Both laboratories were engaged in experiments designed to 
separate theelol and theelin from other estrogens of human urine 
at the time the Fearing group suggested to the St. Louis group 
that they would supply the partially purified extract for the isola- 
tion of x estrogen. 

At the outset of our attempt to isolate a-dihydrotheelin from 
human pregnancy urine, it became apparent that rather special- 
ized methods would have to be devised in order to separate this 
hormone from other non-ketonic estrogenic constituents (such as 
theelol) which might be present. It was at first tentatively pro- 
posed to approach the problem in this general fashion: (1) re- 
moval of ketones from the total phenolic extract of urine by means 
of carboxymethoxylamine; (2) protection of the phenolic hydroxy! 
in compounds of the remaining non-ketonic fraction by benzoyla- 
tion; (3) treatment of the benzoates of the non-ketones with lead 
tetraacetate under such conditions that monocarbinols would not 
react but under which the 1,2-glycol, theelol, would be oxidized 
to a dialdehyde; the latter product could then be separated from 
other carbinols by means of a suitable reagent; (4) saponification 
of the remaining monobenzoates, recovery of the free phenols, and 
ultimate isolation of the dihydrotheelin as the di-a-naphthoate. 

It has been possible to realize experimentally all of the above 
steps with the exception of the quantitative monobenzoylation 
of theelol. We have been unable to perform this step with micro 
quantities of theelol. 

We next tried to adapt to our problem the method used by 
Whitman, Wintersteiner, and Schwenk (1937) for the separation 
of a- and 6-dihydrotheelin. According to Wintersteiner (1937, a), 
theelol and §-dihydrotheelin give no precipitate with digitonin in 
80 per cent C,.H;OH. Our adaptation of this procedure to the 
digitonin precipitation of micro quantities of dihydrotheelin was 
actually used at one stage of the isolation process reported in this 


paper. 
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Shortly after the experimentation mentioned above was com- 
pleted, the discovery was made in the St. Louis laboratory by A. 
Mather that dihydrotheelin could be effectively separated from 
theelol by partitioning between benzene and 0.3 M NasCO;. This 
discovery has, of course, greatly simplified our subsequent work.! 

It is felt, however, that certain phases of our preliminary experi- 
mental work are of sufficient importance to warrant a brief dis- 
cussion in this report. 

Preliminary Experiments 

Reaction of Theelin with Carborymethorylamine—Although 
Westerfeld et al. (1938) had used Girard’s reagent successfully 
in the separation of theelin from non-ketonic material, Winter- 
steiner (1937, b) reported that carboxymethoxylamine was superior 


to this reagent in the removal of ketones from mare pregnancy ° 


urine extracts. 

The reaction of theelin with carboxymethoxylamine was first 
carried out according to the method of Anchel and Schoenheimer 
(1936) ; 15.2 mg. of theelin, 20 mg. of carboxymethoxylamine hydro- 
chloride, and 54 mg. of NaC,.H;02-3H,O were dissolved in 4 ee. 
of 90 per cent C;H;OH and refluxed for 1 hour. The yield of 
carboxymethoxime was 78 per cent of the theoretical. Another 
similar experiment also gave a 78 per cent yield. Other reactions 
with smaller quantities of theelin were conducted, and bioassay 
upon the ether fractions (containing theelin which had failed to 
react) uniformly showed that this method did not give results 
which approached closely enough the quantitative to be suitable 
for our purposes. We, therefore, varied the procedure in several 
ways until an entirely satisfactory method was found. 

A solution of 10.0 mg. of theelin, 24 mg. of carboxymethoxyla- 
mine hydrochloride, and 37 mg. of KC,H;Q, in 4 ec. of 75 per cent 
n-propyl alcohol (aldehyde-free) was refluxed for 3 hours. The 
solution was transferred to a separatory funnel with 100 cc. of 3 


‘In the recent isolation of a-dihydrotheelin from human placenta (Huff- 
man, Thayer, and Doisy, 1940) the benzene-carbonate distribution was em- 
ployed successfully. It is likely that better results could have been ob- 
tained with the pregnancy urine had this method of separation been used. 
Actually at the time when we employed digitonin, Mather’s research had not 


been completed. 
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per cent NaHCO; the bicarbonate solution (which was water- 
clear) was extracted twice with 100 cc. portions of ether, and the 
latter then washed with bicarbonate and with water. Assay of 
the ether showed that less than 1 per cent of the theelin had failed 
to react. In Table I, additional data are given which show the 
degree of conversion of theelin into the bicarbonate-soluble 
derivative. 

Theelin carboxymethoxime crystallizes from aqueous alcohol 
in beautiful white needles (m.p. 188°, uncorrected) which contain 
4 molecule of C;H;OH of crystallization. 


Microcombustion A nalysis—C29H2;0,N -$C;H;OH 
Calculated, C 68.81, H 7.70; found, C 69.01, H 7.74 


TABLE | 
Reaction of Theelin with Carborymethoxylamine 
24 mg. of carboxymethoxylamine hydrochloride and 37 mg. of KC,H;0, 
were refluxed in 4 ec. of 75 per cent n-propyl alcohol. 


Theelin used Time of refluxing Shanty Se oer enn Removal of theelin 
Y hrs. y per cent 
50.4 3 0.8 98 .4* 
230 3 1.0 99.5 
298 5 0.7 99.8 


* The failure to obtain better than 99 per cent removal in this case was 
probably due to the fact that the n-propyl alcohol had not been freed of 
aldehydes. Aldehyde-free solvent was used in the other runs. 


Hydrolysis of Theelin Carboxymethoxime—A solution of 37.0 
mg. of theelin carboxymethoxime (with 4 molecule of C.H;sOH of 
crystallization) in 30 cc. of 1 nN HCl + 30 ce. of 95 per cent 
C;H;OH was refluxed for 3 hours in a water bath with the tem- 
perature held at 85-90°. Most of the alcohol was then distilled, 
water added to increase the volume to 100 cc., and the theelin 
extracted with 300 cc. of ether. The ether was washed once 
with 3 per cent NaHCO; and twice with H,O. Distillation of 
ether gave 24.4 mg. (theoretical 23.7 mg.). The crystalline 
material was treated with a small amount of norit and crystallized 
from aqueous alcohol; yield 21.8 mg. (92 per cent) of theelin. 

Hydrolysis by this procedure of 8 micrograms of theelin carboxy- 











596 a-Dihydrothéelin from Human Urine 


methoxime showed a quantitative recovery of theelin, as deter- 
mined by bioassay. 

Monobenzoylation of Theelol—-As stated before, we were unable 
quantitatively to obtain monobenzoy! theelol (C; hydroxyl only), 
using micro quantities of theelol. However, theelol monobenzoate 
can be easily made by the ordinary Schotten-Baumann procedure. 


OH 
CH; 
OH 


4\/ > 4 + PoXO—C—CH). -—— 
| 


| 
, : O 
CsHs i O KA 


O 
CH; CHO 


ome 
—CH,—CHO 
ON/\N\/ 
ee 
C,H; Cc O - 
PAS 
O 
Pb(O—C—CH;); + 2HO-—C-—-CHs 


O O 
It crystallizes from benzene in white platelets (m.p. 225°, un- 
corrected). 


Vicrocombustion Analysis—C2H2sO, 
Calculated, C 76.50, H 7.19; found, C 76.15, H 7.30 


Reaction of Theelol Monobenzoate with Lead Tetraacetate—Lead 
tetraacetate reacts with theelol monobenzoate as indicated in the 
equation. Under the conditions of these experiments more than 
the theoretical amount of lead tetraacetate reacted. However, 
the aldehydic nature of the product was demonstrated by a posi- 
tive Schiff’s reaction and by the formation of a yellow hydrazone 
with phenylhydrazine. The reactive aldehyde group or groups 
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in the product make possible its complete removal from an ether 
solution by shaking with an aqueous solution of NaHSO;-NaeSOs, 
an experiment which we have performed. 

Theelol monobenzoate was dissolved in a 0.1 N solution of 
Pb(Ac), in glacial acetic acid (redistilled from CrO 3). The solu- 
tion was allowed to remain in a glass-stoppered flask at 20° or 30° 
for several hours and then the excess Pb(Ac), titrated in the man- 
ner described by Criegee (1931). Under these conditions a-di- 
hydrotheelin monobenzoate does not react. The results of typical 
experiments are shown in Table II. 

Precipitation of a-Dihydrotheelin with Digitonin and Decomposi- 
tion of Resulting Digitonide—The method used follows the general 
outline of that given by Whitman, Wintersteiner, and Schwenk 


TaBLe II , 
Reaction of Theelol Monobenzoate with Lead Tetraacetate 


He T - , Pb(Ac) 
mye | Tomes | cme | PUlagh 
m.eq. *C. in m.eq. 

Theelol monobenzoate 0.260 30 14 0.462 
- - 0.245 20 20 0.376 
Dihydrotheelin monobenzoate 0.105 20 20 0.000 


7 Ms .| 0.097 25 18 0.000 


(1937). A number of experiments were conducted to determine 
the modifications best suited to the most nearly complete precipi- 
tation of a-dihydrotheelin iri quantities of the order of a few mg. 
An example of the most satisfactory procedure is given as follows: 

In a centrifuge tube 9.0 mg. of a-dihydrotheelin and 80 mg. of 
digitonin (Merck) were dissolved with the aid of heat in 2.0 ce. 
of 80 per cent C.H;OH. The tube was stoppered tightly and left 
at room temperature for 2 days and then centrifuged at 3000 
R.P.M. for 30 minutes, after which the alcohol was carefully drawn 
off with a capillary pipette. A small stirring rod was used to stir 
up the digitonide thoroughly with 3 to 4 cc. of absolute ether, and 
then centrifugation and removal of the supernatant liquid were 
carried out as before. This washing procedure was repeated. 
Finally the digitonide was dried by being allowtd to remain at 
room temperature overnight. 








598 a-Dihydrotheelin from Human Urine 


The dried digitonide was dissolved in 0.5 cc. of dry pyridine and 
8 to 10 ce. of absolute ether gradually added. The suspended 
material was packed by centrifugation and the supernatant fluid 
drawn off. In order to remove the sterol as completely as possible 
from the digitonin, the process was repeated twice. The combined 
solutions from the decomposition of the digitonide were added to 
300 cc. of ether, and the ether washed once with 100 ec. of HCl 
(1:10) and five times with 50 ce. portions of water. All of the 
aqueous layers were combined, washed once with 100 cc. of ether, 
and the ether then washed three times with 50 cc. volumes of 
water. Combination of the two ether fractions and distillation 
to dryness gave a white product which after crystallization at a 
low temperature from a small volume of aqueous alcohol weighed 
7.0 mg. and melted sharply at 172° (uncorrected). Assay of the 
80 per cent C;H;OH and ether washings from the digitonide forma- 
tion showed that between 1.0 and 1.5 mg. of dihydrotheelin had 
escaped precipitation, indicating therefore that with 9 mg. the 
completeness of recovery through the digitonide was about 85 
per cent. 


Experimental Work on Human Pregnancy Urine? 


Extraction of Estrogens from Urine-—Urine from women during 
spontaneous labor and delivery* was chosen for the source, since 
the highest values for x estrogen had been encountered in such 
specimens (Smith and Smith, 1940). Hydrolysis (by boiling 
under a reflux for 10 minutes with 15 per cent concentrated 
hydrochloric acid) and extraction with ether were performed 
within 12 hours of the time of collection. This precaution was 
taken in order to avoid the possibility of conversion of urinary 
estrogens upon standing.‘ Small batches of urine, 200 to 700 ec., 


* The hydrolysis of urine and the Cohen-Marrian separation were per- 
formed at the Fearing Research Laboratory by Smith, Smith, and Schiller. 
The remainder of the work reported in this paper was carried out by the 
St. Louis group. 

’ We are much indebted to Dr. 8S. B. Kirkwood, who arranged for the 
collection and refrigeration of specimens at the Boston Lying-In Hospital. 

* Zine was not employed in any of the hydrolyses. It has been found 
that either addition of zine during acid hydrolysis or putrefaction of urine 
results in an increased yield of estrogens due in part to conversion of theelin 
into some compound of greater estrogenic potency (Smith, Smith, and 
Schiller, 1939). 
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were handled at a time in order to get maximum recovery and 
more quantitative separation. 

The weakly acidic phenols (theelin and zx estrogen fraction) were 
separated from the strongly acidic phenols (theelol fraction), 
according to the method of Cohen and Marrian (1934). They 
were then partially purified by reextraction from toluene, accord- 
ing to the Cohen and Marrian procedure, and stored in 95 per cent 
ethyl alcohol. Alcoholic solutions of the weakly acidic phenols 
from 38 liters of urine were combined and a small portion removed 
for bioassay before and after semicarbazide treatment. It was 
determined that the total extract contained 300,000 rat units of 
estrogenic substance, half of which represented non-ketonic (z 
estrogen) material. If the non-ketonie activity were entirely 
attributable to a-dihydrotheelin and the ketonic activity to 
theelin, it was calculated, according to the standardization values 
of the assay method used, that the extract contained 7.5 mg. of 
the former and 75 mg. of the latter. 

Preliminary Purification—The extract of human pregnancy 
urine from the Fearing Research Laboratory was dissolved in 
alcohol and filtered through a Jena funnel. Evaporation of the 
filtrate gave 452 mg. of a dark orange-red material which by assay 
with mice showed estrogenic activity equivalent to 70 mg. of 
theelin. It was further purified as indicated in the flow sheet. 

Removal of Ketones—-The 136 mg. of material, which contained 
all but traces of the estrogenic activity, were dissolved in 20 ce. 
of 95 per cent C;H;OH, 160 mg. of carboxymethoxylamine hydro- 
chloride and 420 mg. of NaC,H;02-3H,0 (in solution in 2 to 3 ce. 
of H,O) added, and the whole refluxed for 3 hours. Most of the 
alcohol was then distilled off and the solution transferred to a 
separatory funnel with 15 ce. of 2 per cent NaHCO; and 50 ee. of 
ether; the two phases were separated and the bicarbonate ex- 
tracted twice more with ether. The combined ether solutions 
were washed once with 5 cc. of 2 per cent NasCOs;, three times 
with 5 ce. portions of water, and distilled; weight 100 mg. The 
100 mg. of non-ketonic phenols were again treated with the 
ketone reagent but with refluxing for 7.5 hours. After this treat- 
ment the final non-ketonic fraction weighed 92 mg. (Fraction 
Oth). 27 mg. of crude theelin carboxymethoxime (Fraction 
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452 mg. solids in solution in 135 ec. acidified 70% C.H;OH 


Extracted 4 times with 40 cc. volumes petroleum 
ether (b.p. 30-60°); combined extracts washed 
twice with 6 ec. 60% ethyl alcohol 


Aqueous alcohol, distilled to dryness and dis- Petroleum ether 
solved in mixture of 12 cc. n-butyl alcohol Po 
and 60 ec. petroleum ether (b.p. 30-60°) Distilled to dry- 
2 . : 7 | ness; 102 mg. 
Extracted 10 times with 15 cc. >270 to <400 r.u. 
portions 0.25 Nn NaOH 
Butyl alcohol and petroleum Alkaline solution, filtered; 
ether, distilled to dryness; filtrate adjusted to pH 9 
* 
119 mg. >270 to <400 r.u. Extracted 10 times with 
75 ec. portions ether 
Ether Alkali, acidified with concentrated HCl 
| Washed with 5% NazCOs, Extracted 8 times 
| dilute HCI, and H,O with ether 
a 5 = 
Washings Ether, distilled to dryness; Ether Acid (discarded) 
(discarded) | 160 mg. leached with 25 cc. = E 
hot 0.25 x NaOH + NaCl, | Washed with water 
chilled with ice, and filtered; oe nama . 
residue taken up in alcohol, Water Ether, dis- 
solvent removed by distilla- (discarded) _ tilled to 
tion, and leaching repeated ; aeam:; 
rocess performed 4 times o mg. 
|P ” > 1000 to 
< 1330 r.u. 


Residue insoluble in alkali; Alkaline leachings 
17.9mg. >270 to <400 r.u. HCl added until just pink to phenol- 
phthalein; extracted with ether 


Alkali Ether 
Acidified with HCI; Washed twice with 
extracted with ether 5% NaeCQs, once 
with dilute HCI, and 


Ether, washed with water and Acid once with water 


distilled to dryness; 10.9 mg. (discarded) 


> 5300 to <8000 r.u.t 1 = 
Ether, distilled to Washings 
dryness; 136 mg. (discarded) 


* The bioassays in this flow sheet were conducted at the Fearing Re- 
search Laboratory. 1 rat unit = 0.5 to 0.667 microgram of theelin. 

+ After storage in a dry condition in a refrigerator for 13 months, assay 
in the St. Louis laboratory showed less than 1000 mouse units. 
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0lf) were recovered from the aqueous bicarbonate and carbonate 
fractions. 

Isolation of Theelin—Fraction O1f was hydrolyzed by the 
method given under ‘‘Hydrolysis of theelin carboxymethoxime;” 
yield 19.2 mg. of crude theelin. Treatments with norit and 
distribution between benzene and 0.3 M NaeCO; yielded 16.0 mg. 
in the benzene-soluble fraction. This material was naphthoylated 
with a-naphthoyl chloride and attempts made to purify the 
theelin through crystallization of the a-naphthoate, but a good 
product was not obtained. The crude a-naphthoate and mother 
liquors from crystallizations were united and saponified with 
alcoholic KOH. The free phenol was then treated with semi- 
carbazide and the semicarbazone recrystallized twice from aqueous 
ethanol (—5°). Hydrolysis of this apparently pure product 
was carried out by refluxing in 0.5 n HCl (50 per cent aqueous 
ethanol). After treatment with norit and one recrystallization 
of the phenol from aqueous alcohol, 3.79 mg. of white crystals, 
m.p. 258-258.5° (Anschiitz), were obtained. A mixed melting 
point with authentic theelin (m.p. 258.5-259°) was 258.5-259°. 


Microcombustion Analysis—C,sH22.O0, 
Caleulated, C 79.95, H 8.21; found, C 79.98, H 8.44 


Isolation of a-Dihydrotheelin—Fraction Olh was assayed and 
found to possess activity equivalent to 50 mg. of theelin. It was 
dissolved in 95 per cent ethyl alcohol, concentrated to 1 cc., 
chilled, filtered, and the crystals washed once. This process 
was performed a total of three times; weight of crystalline fraction 
(O\Hb) 25 mg. From these crystallizations and filtrations the 
filtrates (Fraction 01Ha) were combined, evaporated, dried, and 
weighed ; weight 69 mg. 

Fraction 01Ha was placed in a small Pyrex tube, 1.0 cc. of 80 
per cent C:H;OH added, and the mixture warmed until solution 
was complete. Then 0.25 cc. of a solution of digitonin (<= 10 mg. 
of digitonin) in 80 per cent ethyl alcohol was added; in a short 
time a precipitate resembling a digitonide formed. Finally 0.75 
ec. of 80 per cent C:H;OH and 70 mg. of solid digitonin were 
added, the mixture being warmed until all solids had dissolved. 
After the mixture had stood for 2 days, a very large precipitate 
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was observed, some of which appeared to be digitonide but most 
of which appeared to be digitonin. From this point on the pro- 
cedure used is exactly as described under the heading ‘‘Precipita- 
tion of a-dihydrotheelin with digitonin and decomposition of 
resulting digitonide.”’ The yield from the decomposition of the 
digitonide was 5.2 mg. of a faintly yellow crystalline material 
(Fraction 01HaPD). Assays in mice indicated the presence of 
2 to 3 mg. of dihydrotheelin and the assay in rats showed this 
product to be 3 times as active as pure theelin. A small aliquot 
of Fraction 01HaPD was distributed between benzene and 70 
per cent C.H;OH and bioassay then conducted on each fraction. 
It was found that the activity was equally distributed in this 
partition. According to Westerfeld, Thayer, MacCorquodale, 
and Doisy (1938) the partition ratio of a-dihydrotheelin between 
benzene and 70 per cent C:H;OH is 1:1. 

The supernatant fluid and ether washings from the digitonide 
formation were evaporated to dryness and the reddish colored 
residue again treated with digitonin (20 mg. of digitonin in 2.0 ce. 
of 80 per cent C,H;OH) but no precipitate occurred. 

Fraction 01HaPD was acetylated and submitted to fractional 
distillation in a molecular still, but no substantial concentration 
of the active material (as determined by bioassay) could be 
realized. The acetylated material was then saponified, and the 
phenol recovered and partitioned between 0.3 mM NaeCO; and 
benzene. From the benzene, 2.11 mg. of white crystals were 
obtained. These crystals were naphthoylated with a-naphthoyl 
chloride (MacCorquodale, Thayer, and Doisy, 1936) to give 
3.31 mg. (= 1.50 mg. of a-dihydrotheelin) of a compound melting 
at 196.5-197° (corrected). A mixed melting point taken with an 
authentic sample of a-dihydrotheelin di-a-naphthoate (m.p. 
198-198.5°, corrected) was found to be 197-198° (corrected). 
A mixed melting point taken with an authentic sample of theelin 
a-naphthoate (210°, uncorrected) was 180-185° (uncorrected). 


Microcombustion Analysis—CoH30, 
Calculated, C 82.72, H 6.25; found, C 82.37, H 6.13 


Isolation of Theelol—-Fraction 01Hb was united with Fraction 
01HaNPD (the portion of No. 01Ha remaining after precipitation 
with digitonin) and dissolved in 74 cc. of 95 per cent C,H,OH; 
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26 cc. of water were added, and the aqueous alcohol was then 
extracted three times with 25 cc. portions of petroleum ether 
(b.p. 30-60°). Distillation of the aqueous alcohol gave a nice 
crystalline product with a brown contaminant. This material 
was dissolved in 500 cc. of 0.3 M NaeCOs and then extracted once 
with 500 cc. of benzene. The carbonate fraction was extracted 
three times with 400 cc. of ether, after which the combined ethers 
were washed three times with water and distilled to dryness; 
yield 35 mg. which by assay indicated the presence of approxi- 
mately 18 mg. of theelol. 

The 35 mg. of crystalline material were acetylated with acetic 
anhydride, and the acetylated product distilled in a molecular 
still at 110-130° for 5 hours, and then at 180-200° for another 
period of 5 hours (pressure 0.0001 mm.). Saponification of the 
distillate gave crystals with very little color. These were crystal- 
lized twice from 1 to 2 ec. volumes of absolute acetone (—5°), 
treated once with norit, and finally recrystallized from aqueous 
methanol; yield 9.02 mg., melting at 279° (Anschiitz). A mixed 
melting point with authentic theelol (m.p. 282-283°) was 
280-282°. 

Microcombustion A nalysis—C,sH2O; 

Calculated, C 74.95, H 8.39; found, C 74.92, H 8.32 


SUMMARY 


1. A method has been devised by which the ketonic estrogen, 
theelin, reacts quantitatively with the ketone reagent, carboxy- 
methoxylamine. The resulting methoxime (which has been 
characterized) is soluble in aqueous bicarbonate and can thus be 
quantitatively separated from an ether solution of non-ketonic 
estrogens. 

2. Theelol monobenzoate has been prepared and characterized; 
it reacts with lead tetraacetate in the usual fashion of 1,2-glycols. 

3. The method of Wintersteiner et al. for the precipitation of 
a-dihydrotheelin with digitonin and the decomposition of the 
resulting digitonide has been adapted for work with micro 
quantities. 


5 The 500 cc. of benzene contained between 1 and 2 mg. of dihydrotheelin 
by bioassay. 
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t. a-Dihydrotheelin has been isolated from human pregnancy 
urine collected during spontaneous labor and delivery; the a- 
dihydrotheelin was isolated as the di-a-naphthoate and charac- 
terized as such by the melting point, by the mixed melting point 
with authentic a-dihydrotheelin di-a-naphthoate, and by micro- 
combustion analysis. 
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The discovery of the identity of thiamine pyrophosphate and 
cocarboxylase and the recognition of the ester as the predominant 
form of thiamine in yeast (1, 2) and animal tissues (3, 4) has been 
followed by several papers which have clearly demonstrated that 
cocarboxylase is essential for the oxidative metabolism of pyruvic 
acid (5-7). However, it has become clear that pyruvic acid is 
one of the most reactive intermediates in carbohydrate metabolism 
and that the end-products of its oxidation may vary with differ- 
ent organisms or tissues and with the internal conditions of the 
cell (6). Thus, it has been demonstrated in vitro that the oxi- 
dation of pyruvic acid under various conditions may yield acetic 
acid (6, 8, 9), acetic and formic acids (6), lactic and acetic acids 
(9, 10), acetoacetic and §-hydroxybutyric acids (11), succinic 
acid (9, 12), and citric acid (13, 14). Lipmann (5) and Barron 
and Lyman (6) have demonstrated with bacteria that cocarboxy- 
lase is essential for the aerobic oxidation of pyruvic acid to acetic 
acid, and for the anaerobic dismutation to acetic and lactic 
acids. Banga, Ochoa, and Peters (7) have demonstrated that 
thiamine pyrophosphate is essential for the oxidation of pyruvate 
by brain. While the over-all effect of cocarboxylase upon the 
oxidation of pyruvic acid is beyond question, its function in the 
specific oxidative transformations is not yet clear. In the ab- 
sence of thiamine, it appeared likely that some of these reactions 
might be significantly affected. 


* Published with the approval of the Director of the Wisconsin Agricul- 
tural Experiment Station. 

Supported in part by a grant from the Wisconsin Alumni Research 
Foundation. 
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As a result of experiments in vitro, Krebs and Johnson (15) 
have proposed that the citric acid cycle is of great quantitative 
importance in the metabolism of carbohydrate by animal tissues. 
Krebs (16) has also reported that rats which are deficient in thia 
mine excrete 3.0 gm. of citric acid per kilo of body weight per 
day. In view of the great loss of weight observed during the 
production of thiamine deficiency and the small quantities of urine 
excreted during this condition, the data of Krebs suggest a figure 
of from 3 to 5 per cent citric acid in the urine of thiamine-defi- 
cient rats. Qualitative confirmation of these data has been 
obtained by Krusius and Simola (17) who report that the daily 
urinary excretion of citric acid by rats on a vitamin B complex 
deficiency rises from 0.34 to 4.49 mg. after 10 days upon the 
deficient ration. 

The experiments of Krusius and Simola (17) are difficult to 
evaluate, since the ration was not specifically deficient in thiamine. 
The paper of Krebs (16) contains no information of the nature of 
the ration, particularly with regard to citric acid content or to 
adequacy in the other factors required by the rat. 

The possible importance of the citric acid cycle in the aerobic 
oxidation of carbohydrate, the magnitude of the citric acid ex- 
cretion described by Krebs, and the implications of his work 
with respect to the réle of thiamine have prompted the present 
investigation. Our data fail to confirm those of Krebs, since we 
find a small decrease in citric acid excretion during acute thiamine 
deficiency, and a very large rise in the excretion of this com- 
pound when thiamine is administered to deficient animals. A 
preliminary report of this work has been previously presented (18). 


EXPERIMENTAL 


Albino rats, 3 weeks of age and weighing 40 to 50 gm., were 
placed on a ration deficient in thiamine and low in citric acid, 
but containing adequate amounts of all the other growth factors. 
The composition of the ration is as follows: sucrose 61, casein (vi- 
tamin-free, Labeo) 18, autoclaved peanuts (5 hours at 15 pounds) 
10, autoclaved yeast (5 hours at 15 pounds) 4, sulfite-treated liver 
extract 3, Salts 3 (19) 4, haliver oil 2 drops weekly. 

The liver extract was prepared by adding 5.8 per cent NagSOs; 
to commercial 95 per cent alcohol-soluble liver extract (The Wil- 
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son Laboratories) at pH 4.8 for 12 hours. This procedure de- 
stroys thiamine completely (20). Acute polyneuritis is produced 
on this ration in 4 to 6 weeks. Control rats fed this ration with 
added thiamine (200 micrograms per 100 gm. of ration) showed 
normal growth, indicating that the ration is complete in all 
factors required by the rat. The citric acid content of this 
ration is 1.3 mg. per gm. 

The rats were housed in wire-bottomed metabolism cages each 
suspended over a large glass funnel. The urine, separated from 
the feces by fine window screening, was collected under toluene, 
measured, and stored in the refrigerator until analyses were made. 
Weight, food consumption, and water consumption records were 
taken daily. 

Control rats were fasted in the metabolism cages for 24 hours 
once a week in order to determine the effect of food intake upon 
citric acid excretion. 

Synthetic thiamine, obtained from Merck and Company, Inc., 
was administered intraperitoneally or was dried on the ration. 
Sodium succinate solution was injected intraperitoneally at a level 
of 10 mm per kilo of weight. 

Citric acid was determined by the method of Pucher, Sherman, 
and Vickery (21) adapted for the Evelyn photoelectric colorimeter. 


Results 


Citric Acid Excretion in Thiamine Deficiency—The citric acid 
excretion of control, fasted, and polyneuritic rats is given in 
Table I. The values for the thiamine-deficient rats represent the 
period during which convulsions were observed. It may be seen 
that the average excretion of citric acid during acute polyneuritis 
is significantly lower than that of control rats receiving the same 
ration plus adequate thiamine. A typical experiment is shown 
in Fig. 1. As the animal is maintained upon the deficient ration, 
citric acid excretion falls and then shows a transitory rise before 
acute symptoms are evident. This rise is followed by a consistent 
drop in the citric acid excretion until convulsive symptoms appear. 
Since random samples were taken for analysis during the period 
of vitamin depletion, and daily samples were taken only for the 
week immediately preceding the appearance of acute deficiency 
symptoms, the transitory rise may have no significance. On the 
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other hand, the definite daily drop observed in all animals fol- 
lowing this period and the low values observed during the acute 
deficiency appear to justify the conclusion that citric acid excre- 
tion is below normal during acute thiamine deficiency. These 
results are contrary to those observed by Krebs (16). The early 
transitory rise observed during the production of the deficiency 
may be similar to that reported by Krusius and Simola (17). 


TABLE | 
Citric Acid Excretion by Control, Fasted, and Thiamine-Deficient Animals 


The results are expressed in mg. of citric acid per kilo per day. 


Control Fasted 24 hrs. Thiamine-deficient 
Rat No, | Duration of Sipe | nate. | Spee | none | Spee 
cretion cretion cretion 
days 
l 20 15.7 9 30 .69 l 10 .63 
2 25 21.2 10 78 .18 la 23 .67 
3 27 25 .0 1] 41.15 2 23 .16 
4 ll 53 .0 12 53 .80 3 20.74 
3a 0.33 
4 9 .06 
7 8 .09 
8 5.82 
6 7.73 
20 12.3 
30 20.3 
16 16.2 
Average 28 .7 50 .96 13.17 


* These figures are the average of three 24 hour fasts once a week. 
+t These values represent the excretion of citric acid while convulsions 
were evident. In every case they are the average of at least 2 days. 


Since our experimental ration contains small amounts of citric 
acid, the urinary citrate may not be entirely endogenous. How- 
ever, the normal animal is able to metabolize large amounts of 
ingested citric acid (22-24). At the beginning of the experiment, 
the excreted citric acid represents but a small fraction of the total 
intake. As the deficiency progresses, it will be apparent that the 
citrate intake and output tend to approach each other. The 
transitory rise in citrate excretion may indicate decreased ability 
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to metabolize this compound. The fall in the urinary excretion 
of citric acid is accompanied by a considerable decrease in food 
consumption, which cannot be entirely due to inanition since 
fasted control animals showed increased citrate excretion. 

It has been demonstrated (13, 14) that citric acid is produced 
as a result of the condensation of oxalacetic acid and pyruvic 
acid followed by oxidative decarboxylation of the resulting 7- 
carbon intermediate. If thiamine were not essential for this 
reaction, it would be expected that the increased pyruvate char- 
acteristic of the vitamin deficiency (25-27) would lead to increased 
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Fig. 1. The effect of thiamine deficiency upon urinary citric acid excre- 
tion. The dash line represents citric acid intake calculated from food 
consumption; the solid line, citric acid excretion. 


citric acid formation. The fact that the citric acid excretion is 
below normal during the acute deficiency appears to indicate that 
thiamine is essential for this transformation. Similar conclu- 
sions have recently been suggested by Hallman and Simola (13). 

Citric Acid Excretion Following Succinate Injection during 
Thiamine Deficiency—Smith and Orten (28) have shown that 
succinic acid injection into normal animals increased the excre- 
tion of citric acid greatly. The increase is of short duration, 
since the citrate excretion returns to normal within 6 to 8 hours. 
This has been confirmed by Krebs, Salvin, and Johnson (29) 
and has been incorporated by them as evidence for the citric 
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acid cycle. According to their view, injected succinate is rapidly 
converted to fumaric, malic, and finally oxalacetic acid. The 
latter compound condenses with pyruvic acid as previously de- 
scribed to yield citric acid ultimately. Our previous results 
appeared to indicate that thiamine was essential for the synthesis 
of citric acid In an effort to test this further, animals deficient 
in thiamine, but as yet exhibiting no convulsive symptoms, were 
injected with 10 mm of sodium succinate per kilo of weight on 
alternate days until acute polyneuritis was evident. Fig. 2 
shows that the ability of a typical animal to convert succinate to 





Fia. 2. The effect of succinate injection upon citric acid excretion by 
thiamine-deficient and control rats. S, 10 mM of sodium succinate per 
kilo injected intraperitoneally. 


citrate diminishes with increasing severity of polyneuritis. Con- 
trol animals treated exactly the same way do not show this effect. 
Table II summarizes the results obtained with normal and thi- 
amine-deficient animals when injected with succinate. The 
values for the deficient rats are for the period during which acute 
deficiency symptoms were evident. It may be seen that the in- 
crement of citric acid excretion due to succinate injection is con- 
siderably lower in thiamine deficiency than in control animals. 

Citric Acid Excretion Following Thiamine Therapy—In order 
to test further the relationship of thiamine to citric acid metab- 
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olism, curative experiments were employed. Deficient rats 
were cured by a single injection of 100 micrograms of thiamine. 

Following such therapy there is a progressive rise in citrate 
excretion with maximum values being reached in 4 to 6 days. 
At this time the citrate excretion is approximately 10 times that 
of normal. The citrate excretion then drops more slowly and 
normal values are restored within 12 days following therapy. 
Similar results have been obtained in experiments in which poly- 
neuritis has been cured by supplementation of the ration with 200 
micrograms per cent of thiamine. A typical experiment showing 
the rise in citrate excretion following both forms of therapy is 
shown in Fig. 3. The progressive rise in citrate excretion may 


TABLE II 
Average Increase in Citric Acid Excretion Due to Single Injection of Succinate 


1.0 ml. of mM Na succinate per 100 gm. 
The results are expressed in mg. of citric acid per kilo per day. 


Control | Thiamine-deficient 
Rat No. | Rat No. 
3 | 75 (7)* | 16 34 (2) 
22 90 (7) 17 9 (3) 
24 62 (7) 2 18 (3) 
25 56 (5) 15 20 (2) 
Average...... 71 20 


* Figures in parentheses represent the number of injections of sodium 
succinate. 


be noted in both cases. However, the rise and the return to nor- 
mal are more rapid following the injection of a large single dose 
of thiamine. In addition, higher values of citrate excretion are 
obtained with the injection technique. 

Table III shows the maximum daily citrate excretion of a num- 
ber of polyneuritic rats following vitamin therapy. In every 
case, citric acid intake calculated from the food consumption 
demonstrates that at the peak of the excretion there is a greater 
urinary output than can be accounted for by the ingested citric 
acid. The lack of correlation between the intake and excretion 
of citric acid is further demonstrated by the fact that the drop 
to normal occurs despite the maintenance of food consumption. 
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Fic. 3. The effect of thiamine therapy upon citric acid excretion of 
thiamine-deficient rats. At 28 days 100 micrograms of thiamine hydro- 
chloride were injected intraperitoneally; at 100 days the basal ration was 
supplemented with 200 micrograms per cent of thiamine. 


TaBLe III 
Effect of Thiamine Therapy on Citric Acid Excretion of Thiamine-Deficient 
Rats 


The results are expressed in mg. of citric acid per kilo per day. 





: : Maximum Intake during ad 
Rat No. | lore therapy | *eruon.after | maimumer- | "therapy 

l 3.99 287 165 4 
2 14.5 299 136 5 
3 5.7 227 125 4 
4.4 348 98 5 

4.0 213 167 9* 
4 5.2 299 140 4 
8 7.9 272 161 6 


* This animal was cured by supplementation of the ration with 200 
micrograms per cent of thiamine. All other animals were injected with 
100 micrograms of thiamine. 
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DISCUSSION 


The work of Martius and Knoop (30-32), Simola (33, 34, 13), 
and Krebs (15, 35) appears to have demonstrated that citric acid 
plays an important réle in the metabolism of carbohydrate. The 
cycle proposed by Krebs and Johnson (15) for most tissues has 
been questioned by Breusch (36) who has been able to demon- 
strate citric acid synthesis tn vitro only with kidney tissue (36). 
However, Hallman and Simola (13) have demonstrated that citric 
acid can be synthesized from malic and pyruvie acids by heart 
muscle in vitro and it has been demonstrated that other tissues 
show appreciable citric acid synthesis in the presence of oxalacetic 
and pyruvic acids (34). More recently, Krebs (14) has reaffirmed 
the existence of the citric acid cycle in pigeon breast muscle, car- 
diac muscle, and kidney. In these organs, this cycle appears to 
be an important mechanism for the metabolism of pyruvie acid. 

Two oxidative decarboxylations are required in the Krebs 
cycle. The first is involved in the synthesis of citrate from 
pyruvic acid and the 4-carbon dicarboxylic acid. The other is 
required for the conversion of a-ketoglutaric acid to succinic 
acid. Although it is known that cocarboxylase is essential for 
the oxidation of pyruvic acid, it is not yet known whether co- 
carboxylase is required for both of the decarboxylations postulated 
in thecycle. The evidence which we have presented demonstrates 
that the vitamin is essential for the synthesis of citrie acid, 
because the excretion of this compound is low during the defi- 
ciency despite the presence of excess pyruvic acid, and because 
the rise in excretion noted when succinate is injected is con- 
siderably less in the thiamine-deficient animal than in the normal. 
It should also be emphasized that the decreased citrate excretion 
is independent of the inanition accompanying the deficiency, 
since fasted control animals show no decrease in citrate excretion. 

The curative experiments demonstrate a consistent rise in 
citrate excretion for 4 to 6 days after therapy before maximum 
values are attained. Excretion then returns to normal, while 
growth and food consumption are still maintained. Direct cor- 
relation with food intake cannot be established, for food intake 
and growth rate reach a maximum within 48 to 72 hours after 
thiamine therapy, while the maximum citrate excretion is not 
reached until 2 to 3 days later. In addition, at the peak of ex- 
cretion the citrate excreted is greater than the citrate intake. 
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Finally, the drop in citrate excretion occurs while the intake of 
the experimental ration is still high. 

One would expect that, as a result of the excess pyruvate pres- 
ent in the animal during the deficiency, the maximum citrate 
excretion would occur immediately after vitamin therapy. That 
this is not true suggests that the mechanism for the synthesis 
of citric acid is not regenerated immediately after administration 
of the vitamin, but increases for several days before full activity 
is restored. While it is true that the disappearance of poly- 
neuritic symptoms within a few hours following therapy implies 
the rapid restoration of the integrity of the nervous system, there 
is no reason to believe that all of the organs return to normal 
activity at the same rate. In support of this view, it may be 
pointed out that Engel and Phillips (37) have demonstrated 
pathological changes in the liver of deficient rats and chicks after 
the administration of the vitamin and the cure of the external 
symptoms. Several weeks on a normal ration were required for 
the restoration of the normal histological picture. It will also 
be recalled that, while the respiration of polyneuritic brain tissue 
in vitro may be restored by the addition of thiamine to the me- 
dium, no catatorulin effect can be observed with liver and 
muscle (38). 

The reason for the rise in citrate excretion following thiamine 
therapy is thus far not clear. Similar rises occur as a result of 
the ingestion of alkali (23) or upon the injection of certain citrate 
precursors (28, 29). Neither of these phenomena offers a likely 
explanation of our results. 

Either the tissue enzymes are disorganized as a result of the 
therapy, leading to more rapid formation of citrate than can nor- 
mally be catabolized, or the mechanism for the catabolism of 
citrate as well as for its synthesis is affected by thiamine defi- 
ciency and is not restored at a rate equal to that of the synthetic 
mechanism. The former view would present a situation which is 
perhaps analogous to that observed by Engel and Phillips (37) 
with respect to liver fat; the latter may explain the temporary 
rise in citrate excretion during early thiamine deficiency. 


SUMMARY 


1. Studies upon the excretion of citric acid during thiamine 
deficiency indicate a decreased excretion of citrate during the 
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acute deficiency. This is independent of the inanition accom- 
panying the deficiency. 

2. Rats suffering from thiamine deficiency show a decreased 
ability to transform injected succinic acid into citric acid. 

3. A 10-fold rise in citric acid excretion is observed within 4 
to 6 days after thiamine is given to deficient rats. The level 
then drops slowly and normal values are restored in 10 to 14 days 
after the initiation of therapy. 

4. The results are discussed with respect to the metabolism 
of citric acid and it is concluded that thiamine pyrophosphate is 
essential for the synthesis of endogenous citric acid from its 
precursors. 
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The extensive use of tropine esters in the medical field, the im- 
portance of these compounds for biological investigations, and the 
interest attending their use as substrates in enzyme reactions 
make a study of their enzymatic destruction desirable. 

A survey of previously published researches concerning the 
enzymatic hydrolysis of tropine esters reveals that some data 
have been accumulated relating to the distribution of these en- 
zymes in the animal body, but there is little information about 
the effects of various hydrogen ion concentrations, temperatures, 
enzyme-substrate affinities, and the specificity. The first three 
properties are to be considered in the present communication; 
and specificity, together with further proof that tropine esterase 
is an enzyme distinct from cholinesterase, is being studied in 
collaboration with Dr. Susi Glaubach, and will form the basis of 
a paper to follow. 

Employing a biological method of assay for atropine, Lévy 
and Michel (1) showed that this substrate was increasingly de- 
stroyed by rabbit blood with increase of pH in the range 6.6 to 
8.0; and, further, greater destruction occurred with an increase 
of temperature (5°, 38°, and 50° were those investigated). The 
greater hydrolysis at 50° compared to 38° is not in accord with the 
experiments recorded in Fig. 5. 

Bernheim and Bernheim (2) have studied the activity-time 
relationships for the hydrolysis of atropine and homatropine by 
guinea pig liver, using a direct chemical estimation of the acid 
liberated. From the shape of their curves, one would conclude 
that the reactions are of a zero order. 


* Aided by a grant from the Sidney C. Keller Research Fund. 
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EXPERIMENTAL 


The disadvantages of biological methods for estimation of 
tropine esterase activity, both in regard to accuracy and technique, 
are obvious. Bernheim and Bernheim (2) are the only investiga- 
tors who employed a direct chemical determination of the acid 
liberated to follow the enzymatic hydrolysis. They employed 
the manometric procedure, using the Warburg apparatus in a 
fashion similar to that evolved for choline ester splitting. Other 
chemical methods have been used, such as the nephelometric 
analysis of unhydrolyzed atropine (3), but they cannot compare 
in ease and precision with methods based on the determination 
of free acid. 

Atropine sulfate, Merck, was used as substrate. The source 


of enzyme chosen was rabbit serum, since it was readily available 


and maintained a practically constant activity for several months 
when stored over chloroform in the refrigerator. As is well 
known, the serum from many rabbits does not contain tropine 
esterase; hence a number of sera had to be tested before an active 
sample was obtained. 

Before studies of pH and temperature effects were undertaken, 
it was deemed advisable to establish the activity-substrate con- 
centration relationship, and as a preliminary to this it was nec- 
essary to find the concentration of serum most suitable. 

The manometric procedure, used by Bernheim and Bernheim 
(2), was employed for these studies on activity-enzyme concen- 
tration and activity-substrate concentration relationships. There 
were a number of variables which had to be arbitrarily fixed in 
the first experiments. Accordingly, the determination of the 
effect of enzyme concentration, first undertaken, was carried out 
at 30° in the bicarbonate-Ringer medium of pH 7.4; the total 
volume was 4 ml., containing a final concentration of 1 per cent 
atropine sulfate (1 ml. of enzyme solution, prepared by diluting 
serum with bicarbonate-Ringer’s solution, was placed in the side 
arm of the Warburg vessel, and 3 ml. of the substrate dissolved 
in bicarbonate-Ringer’s solution were pipetted into the main 
chamber). Manometer readings were taken every 30 minutes 
for 2 hours, and slopes of the linear activity-time curves thus 
obtained for four dilutions of serum were used as points to establish 
the curve given in Fig. 1. The hydrolyses observed were corrected 
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in each instance for non-enzymatic atropine splitting by control 
experiments in which 1 ml. of bicarbonate-Ringer’s solution was 
substituted for the serum solution. Only corrected values were 
plotted. 

From Fig. 1 it may be seen that the maximum concentration 
of serum which still gives values on the linear portion of the curve 
is2.5 percent. Since the rate of hydrolysis of atropine is relatively 
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Fic. 1. Tropine esterase activity as a function of serum concentration. 
The broken line is the extrapolation of the linear portion of the curve. 
The points represent hydrolysis of 1 per cent atropine sulfate after 2 hours 
at 30° and pH 7.4. 

Fic. 2. The course of enzymatic hydrolysis of atropine in various con- 
centrations at 30° and pH 7.4 by 2.5 per cent serum. The arrows on the 
vertical axis indicate the quantity of CO, equivalent to 100 per cent hy- 
drolysis of the four lowest substrate concentrations. Curve 1 represents 
atropine concentrations of 0.00300 m (0) and 0.00150 m (@); Curve 2, 
0.00074 m; Curve 3, 0.00037 m; Curve 4, 0.00030 m; and Curve 5, 0.00015 m. 


slow, this maximum serum concentration was used for all sub- 
sequent experiments. 

In Fig. 2 the activity-time curves for various substrate con- 
centrations are given, and in order to apply these data to the 
calculation of the affinity between enzyme and substrate according 
to the Michaelis-Menten theory, as has been done previously 
for other esterases (4, 5), Table I was compiled from which the 
points shown in Fig. 3 were obtained. The linear portions of 
the curves for the three lowest substrate concentrations were 
extrapolated to 100 minutes. The curve in Fig. 3 represents the 
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theoretical activity-pS relationship (pS = negative logarithm of 
substrate concentration) for a Michaelis constant (K,) of 6 Xx 
10-*; the agreement between this curve and the experimentally 
obtained points is apparent. 

The manometric procedure used above is not applicable to 
measurements of the effect of pH on activity, since the pH range 
over which it may be used is small. For this reason continuous 
titration in a buffer-free medium, with a glass electrode to indicate 
pH, was employed in a fashion similar to that used previously 
for pH studies on cholinesterase (5). 

In the present instance constant temperature was maintained 
by immersing the reaction flask in the water of a thermostat. 


TABLE | 


Data for Calculation of Affinity between Enzyme and Substrate 


A factor, 3.48 X ¢.mm. 


Concentration of atropine sulfate CO: in 100 min. CO: in 100 min. 
per cent uw c.mm. 

0.250 0.00740 28 .5 99 .3 
0.100 0.00300 28.0 97 .5 
0.050 0.00150 28.0 97 .5 
0.025 0.00074 26 .6 92.8 
0.0125 0.00037 25.0 87 .0 
0.010 0 .00030 23 .5 81.8 
0.005 0.00015 20.3 70.8 


The reaction vessel was a 75 ml. round bottom flask having four 
necks which protruded above the level of the water in the thermo- 
stat. The glass and calomel electrodes fitted into two of the 
necks, and the other two contained 1-hole rubber stoppers fitted 
with glass tubes drawn out to fine tips. One of these glass tubes 
served as a gas jet through which nitrogen was passed. (The 
nitrogen was previously saturated with water vapor by being 
bubbled through a cylinder of water immersed in the same thermo- 
stat.) The other glass tube was connected to a microburette 
so that standard alkali could be added to the reaction mixture 
to neutralize the acid as fast as it was formed by the hydrolysis. 
Both glass tips were placed above the surface of the reaction mix- 
ture in the flask. 

Bubbling the nitrogen through the liquid for purposes of mixing 
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the added alkali was not found to be feasible, because it produced 
a great deal of foaming. However, agitation was finally effected 
by applying motion to the flask. The flask and burette were 
both held in position by burette clamps fastened to a short vertical 
metal rod. This rod, in turn, was fastened by a clamp to a hori- 
zontal rod extending over the thermostat, and the horizontal rod 
was supported at each end by a clamp fastened to a ring-stand. 





Fig. 3. Activity-pS curve for atropine hydrolysis by rabbit serum. The 
point of inflection occurs at a substrate concentration of 6 X 10~* m and is 
numerically equal to the Michaelis constant. 


By loosening the screws that would fix the horizontal rod, the 
latter could be rotated. Agitation was produced by merely 
moving the vertical rod back and forth, which imparted an angular 
motion to the horizontal rod, the clamp fasteners fixed to the ring- 
stands forming bearings. 

By the method above, the formation of acid could be followed 
in a mixture consisting only of enzyme and substrate, under 
conditions of practically constant pH and temperature, and in a 
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nitrogen atmosphere which eliminated the effects of carbon dioxide 
in the air. The lead connecting the glass electrode to the po- 
tentiometer and the glass electrode itself were shielded. The 
burette was divided into 0.01 ml. graduations, and readings were 
taken to 0.001 ml. Standard 0.01 N or 0.02 N NaOH was used, 
depending upon the speed of the reaction. 

The final reaction volume in every case was 20 ml. 0.5 ml. of 
serum was employed, giving the 2.5 per cent concentration already 
mentioned as being the most desirable. The final concentration 
of atropine was 0.25 per cent which is the lowest concentration 
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Fic. 4. Tropine esterase activity as a function of pH. © represents 


enzymatic hydrolysis of 0.25 per cent atropine sulfate at 40° after 100 min- 
utes by 2.5 per cent serum; X, the corresponding non-enzymatic hydrolysis. 

Fic. 5. Tropine esterase activity as a function of temperature. © in- 
dicates enzymatic hydrolysis of 0.25 per cent atropine sulfate at a pH of 
8.4 after 30 minutes by 2.5 per cent serum; X, the corresponding non- 


enzymatic hydrolysis. 


of this substrate giving the maximum rate of hydrolysis (Fig. 3). 
Control experiments without serum were performed in each case, 
and the corrections applied. It should be mentioned here that, 
although the non-enzymatic splitting of atropine in low concen- 
trations is negligible as Bernheim and Bernheim (2) have pointed 
out, still in concentrations of the order of those found most suitable 
(0.25 per cent), and for all higher concentrations, this factor is 
appreciable and necessitates control experiments. Furthermore, 
non-enzymatic hydrolysis must be considered in cases in which 
higher pH values and temperatures are employed (Figs. 4 and 5). 

The results of the pH measurements carried out in this manner 
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are given in Fig. 4. The experiments were conducted at 40°, 
since this is in the region of the temperature optimum for other 
esterases. The degree of hydrolysis was a linear function of time 
for the experimental period. 

Finally, measurements of temperature effects were made by 
the technique used for the pH studies (Fig. 5). 


DISCUSSION 


As Bernheim and Bernheim (2) found for tropine ester hy- 
drolysis by guinea pig liver, the course of the enzymatic scission 
produced by rabbit serum may be seen to be a linear, or zero 
molecular, reaction (Fig. 2). Here, as in the case of liver esterase 
acting upon simple esters (4), the linearity is due to the high 
affinity between enzyme and substrate. 

The Michaelis constant, 6 X 10-5, derived from Fig. 3, indicates 
an unusually high affinity between atropine and tropine esterase, 
since the magnitude of the constant is inversely proportional to 
the affinity. In fact, the affinity in this case is the highest re- 
corded for any of the esterases. It is approximately 18 times that 
between cholinesterase and acetylcholine (K, = 0.0011) (5), and 
33 times that between liver esterase and methyl butyrate (K, = 
0.0020) (4). Reference to the table of constants in Haldane’s 
book (6) shows that not one of the values given, regardless of the 
nature of the enzyme and substrate, is as low as that found for 
the tropine esterase-atropine combination. The value most 
nearly approaching it is 0.00018 found by Weber and Ammon for 
pig liver acting upon methyl d-mandelate. 

As in the case of cholinesterase, this enzyme showed no inhibi- 
tion by high substrate concentrations, the same rate of hydrolysis 
being observed in the presence of 1 per cent atropine sulfate as 
in 0.25 per cent. In this regard a difference exists between these 
two enzymes and liver esterase, which is inhibited by excess 
substrate.! 

The activity-pH relationship for tropine esterase (Fig. 4) is 
very much the same as that previously observed for cholinesterase 
(5, 8), the maximum falling in the range 8.1 to 8.4 for the former, 


‘After this paper was submitted for publication, Alles and Hawes (7) 
reported that human blood cells contain a cholinesterase which is in- 
hibited by excess substrate. 
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and 8.4 to 8.5 for the latter. Esterases acting upon simple esters 
have their pH optima in the same regions, although values ranging 
from 7.0 to 8.8 have been reported from various laboratories. 

The activity of tropine esterase as a function of temperature 
(Fig. 5) is also similar to that found for cholinesterase (9), the 
optimum occurring at 38° in the case of the former and at 40° in 
the latter. Temperature coefficients (the ratio of the activity 
at a given temperature to that 10° lower) may be calculated from 
the curve in Fig. 5. Thus the value is 2.00 for the range 25-35°, 
and 1.90 for 28-38°. These values are higher than those re- 
ported for cholinesterase and ethyl butyrase (9). 

From Fig. 5 one can obtain velocity constants of the enzymatic 
reaction at different temperatures, and these, in turn, may be 
used to calculate temperature constants according to the formula 


log ke = log ky T: T: 
0.4343 T: — T, 


where k, and ke are velocity constants referring to absolute tem- 
peratures 7; and 72, and R is the gas constant. k = c.mm. of 
CO, per minute = 0.135/30 or 0.00450 for 28°, and 0.257 /30 or 
0.00857 for 38°. Hence A = (log 0.00857 — log 0.00450) 
(93,611/10) (4.581) = 12,000 calories. This value is more than 
twice that obtained for cholinesterase (9). 


SUMMARY 


Studies by chemical methods were carried out concerning the 
effects of enzyme and substrate concentrations, pH, and tem- 
perature upon the enzymatic hydrolysis of atropine by rabbit 
serum. 

The hydrolyses were zero molecular reactions, and optimum 
conditions were found to be pH 8.1 to 8.4 and 38°. The highest 
serum concentration in accordance with the linear relation between 
enzyme concentration and activity was found to be 2.5 per cent. 
The lowest substrate concentration giving the maximum rate of 
enzymatic hydrolysis was shown to be 0.25 per cent atropine 
sulfate. 

The Michaelis constant was determined, and the value ob- 
tained (6 X 10~-*) indicated an unusually great affinity between 
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enzyme and substrate. No excess substrate inhibition was 


observed. 
The temperature coefficient and constant were calculated. 


The author wishes to thank Mr. Sidney Morett for his technical 
assistance. 
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In a recent communication (1) there was described a method 
for the determination of amino acids, based on the law of the 
constancy of the solubility product. With the aid of this method, 
and with ammonium rhodanilate as reagent, an /-proline content 
of 17.5 per cent was found for various gelatins and for tendon 
collagen. It was doubtful whether this figure represented the 
total proline content of the proteins investigated; for, if partial 
racemization of proline occurred during the hydrolysis of the 
proteins with boiling HCI, the presence of the d isomer might not 
have been detected. In order to clarify this point, studies were 
undertaken of the behavior of mixtures of /- and d-proline when 
precipitated with ammonium rhodanilate under the conditions 
employed in the estimation of proline by the solubility method. 

It was found that, from a solution containing equimolecular 
amounts of I- and d-proline, there was precipitated a dl-rhodanilate! 
which was found to be considerably less soluble, in the methanol- 
water solvent employed, than is /-proline rhodanilate. The 
solubility product constant of l-proline rhodanilate is 9.2 K 10~*, 
whereas the constant for dl-proline rhodanilate is 3.1 x 10~*. 
It follows that the latter precipitate is a racemic compound, and 
not an inactive mixture of I- and d-proline rhodanilates. 

When mixtures of l- and dl-proline were dissolved in aqueous 
HCl and a methanol solution of ammonium rhodanilate was 
added, the precipitates obtained consisted of mixtures of /-proline 


' All the experiments with proline rhodanilate discussed in this paper 
were performed at 0°. 
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rhodanilate and its racemate. A comparison of Columns 3 and 4 
of Table I reveals that the relative proportion of /- and dl-proline 
found, as rhodanilates, in the precipitate is in each case about the 
same as in the corresponding original mixture. Even when dl- 
proline comprises 90 per cent of the original mixture, no marked 
fractionation occurs in the course of the precipitation of the 
rhodanilates. It appears, therefore, that the law of the constancy 
of the solubility product is not the sole factor governing the 


TABLE I 
Precipitation of Mixtures of l- and dl-Proline with Ammonium Rhodanilate* 


Proline employed thodedins peed. iinet ppt. cite ed 
(1) (3 (4) 
mole mole per cent per cent 

0.00386 1- + 

0.00021 dl- 0.00337 97 8 95.8 

0.00386 l- + 

0.00042 dl- 0.00347 93.9 90 .2 

0.00386 l- + 

0.00063 dl- 0.00359 88 .7 86 .2 

0.00313 l- + 

0.00090 dl- 0.00341 74.4 77 .7 

0.00044 l- + 

0.00361 dl- 0 .00363 10.6 10.9 


* For the experimental procedure, volume, and composition of solvent, 


ete., see the text. 
+t The amount of ammonium rhodanilate added was, in all cases, about 


120 per cent of the theoretical quantity necessary to precipitate all the 
proline present. 
t Calculated from Column 1. 


equilibrium in this case. The data suggest that dl- and /-proline 
rhodanilates form solid solutions in all proportions. 

Further indication of the presence of solid solutions is afforded 
by the data in Table Il. Four mixtures of l- and dl-proline 
rhodanilate, of the composition indicated in Column 1, were 
dissolved in methanol and precipitated by the addition of aqueous 
HCl. The solid phase obtained was analyzed polarimetrically 
for its content of l- and dl-proline rhodanilate as described in a 
previous communication (1). The resulting data on the com- 
position of the solid phase at equilibrium are given in Column 2, 
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and its solubility in Column 3. The solubilities of pure dl- and 
l-proline rhodanilates were measured under the same conditions, 
and are represented by the first and last figures in Column 3. 
The values in Column 4 are the solubilities calculated for solid 
solutions of the / and dl salts. In this calculation, the solubility, 
S, of a solid solution in the liquid phase is considered to be 
S = MS; + MaSa, where M; and Mq represent the mole frac- 
tions of the 1 and dl components in the solid phase at equilibrium, 
and S; and Sw are the solubilities of the pure | and dl components 


TABLE II 
Solubility of Solid Solutions of l- and dl-Proline Rhodanilates* 


Solubility of solid phase at 


Composition of mixture of | Composition of solid phase equilibrium 
rhodanilates em ployedt at equilibrium ‘ 
Found Calculatedt 
(1) (2) (3) (4) 
per cent per cent mg. per 330 cc. | mg. per 330 ec. 
100 dl- 100 dl- 297 
80 “* + 20 1- 79.5 dl- + 20.5 l- 329 344 
60 “* + 40 “ 65.4“ + 34.6 “ 373 377 
40“ + 60“ 45.2‘ + 54.8 “ 428 424 
20° + 80 “ 20.6“ + 79.4 “ 489 481 
100 100 /- 529 


* For the experimental procedure, volume, and composition of solvent, 
ete., see the text. 

t The amount of original mixture employed was, in all cases, about 
2.0 gm. 

t In calculating the solubilities in Column 4, the molecular weight of 
di-proline rhodanilate is assumed to be the same as that of l-proline 
rhodanilate. 


in the water-methanol solvent. Meyer (2) has found that this 
simple equation, which follows from Raoult’s law, best fits the 
solubility data yielded by solid solutions of two binary electrolytes 
having a common ion. From the data obtained here for the 
proline rhodanilates, it is observed that the solubilities calculated 
in this manner are in close agreement with the experimental 
values. 

A consideration of the foregoing experiments with known 
mixtures indicates that it should be possible readily to detect the 
presence of d-proline in a protein hydrolysate. This premise 
was checked on a gelatin hydrolysate in the following manner. 
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Toa hydrolysate of 2.59 gm. of water-free gelatin (corresponding 
to about 450 mg. of l-proline) there were added 34 mg. of dl- 
proline (corresponding to about 7.1 per cent of the total proline 
content). The proline rhodanilate precipitate obtained in the 
usual manner was analyzed polarimetrically and found to contain 
91.8 per cent of l-proline rhodanilate and 8.2 per cent of di-proline 
rhodanilate. The proline rhodanilate obtained from another 
sample of the same hydrolysate, to which no dl-proline had been 
added, was found to contain 99.1 per cent of pure /-proline 
rhodanilate. 

From the above information it may be concluded that in the 
hydrolysates of various gelatins and of collagen that have been 
analyzed recently (1), the d isomer content could not have been 
more than about 1.5 per cent of the total proline. All the pre- 
cipitates of proline rhodanilate obtained in the course of these 
earlier analytical procedures were examined polarimetrically, and 
in all cases a rotation corresponding to 97 to 100 per cent of l- 
proline rhodanilate was observed. An appreciable amount of 
the d or the dl form in the hydrolysate should have manifested 
itself in a lower rotation of the rhodanilates. 

Although it has been shown that the hydrolysates investigated 
earlier contained only a negligible amount of d- or dl-proline, it 
will be demonstrated later that during prolonged hydrolysis of 
gelatin with boiling HCl appreciable racemization of proline occurs. 
It is desirable to ascertain, therefore, whether it is possible, by the 
solubility method, to determine the total proline content of a 
mixture containing /- and dl-proline. To achievesuchadetermina- 
tion, it is a necessary condition that the solubility product of the 
proline rhodanilate be a constant, despite the stereochemical 
inhomogeneity of the proline. 

The results of two determinations on known mixtures, the one 
containing 22.3 per cent of dl-proline and 77.7 per cent of /-proline, 
the other containing 89.1 per cent of di-proline and 10.9 per cent 
of l-proline, are recorded in Table III. A consideration of the 
data in Table III indicates that the above condition is fulfilled, 
and that a satisfactory determination of the total proline content 
of such mixtures is possible. The proline content found (Column 
2) was calculated simply from the weights of the proline rho- 
danilate precipitates obtained in the course of the determination, 
without regard to their stereochemical character. 
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When determinations of the total proline content of proteins 
are performed, it is important to ascertain the optimum conditions 
of hydrolysis and to know whether proline is destroyed or 
racemized in the course of prolonged hydrolysis. In order to 
check this point the proline content of a gelatin hydrolysate was 
determined after 3 hours of hydrolysis with boiling concentrated 
HCl2 The total proline content was found to be 17.0 and 17.3 
per cent. The proline rhodanilate precipitates obtained in these 
determinations exhibited the rotation of the pure ! form. These 
results are in close agreement with the value, 17.5 per cent, pre- 
viously obtained after 8 hours of hydrolysis. 


TABLE III 
Determination of Total Proline Content of Solutions of l- and dl-Proline 
2 - l-Proli 
Proline content of Total proline Average — rhodanilate 
solutions employed content found recovery maroon content of 
ppts. 
(1) (2) (3) (4) (5) 
mole mole per cent x 10-6 per cent 
0.00313 l- + 0.00403 8.5 73.5 
0.00090 di- 0.00391 97 .5 8.3 73.9 
0 .00382 9.4 74.4 
0.00361 dl- + 0.00424 104 3.8 7.9 
0.00044 I- 3.2 10.6 


' 





* The solubility products are, in each case, the product of the concen- 
trations of the proline and the rhodanilic acid remaining in the solutions. 
The concentration of the proline is considered to be the sum of the con- 
centrations of the stereoisomers. Cf. also Bergmann and Stein ((1) p. 
219, foot-note 1). 


On the other hand, when gelatin was hydrolyzed under similar 
conditions for 48 hours and proline determined as before, each 
of the proline rhodanilate precipitates obtained gave the theoretical 
C and H values for proline rhodanilate and contained 86.6 per cent 
of l-proline rhodanilate and 13.4 per cent of di-proline rhodanilate. 
The total proline content of the hydrolysate, however, was found 
to be 17.1 per cent, in good agreement with the values obtained 
after 3 and 8 hours hydrolysis. Apparently a portion of the 


*The ratio NH,-N to total N was 0.63. After the hydrolysate was 
cleared by the CuS procedure (1), the ratio NH,-N to total N had risen 
to 0.66. 
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proline was racemized during 48 hours hydrolysis, but no ap- 
preciable amount was destroyed. 

Experiments of this type naturally do not indicate whether 
some proline is destroyed in the peptide stage during the first 3 
hours of the hydrolysis. In the absence of evidence for destruc- 
tion of proline in the peptide stage, the value 17.5 per cent (+0.5 
per cent) may be regarded as representing the proline content of 


gelatin and tendon collagen. 


EXPERIMENTAL 


Precipitation of Mixtures of l- and dl-Proline with Ammonium 
Rhodanilate—In order to demonstrate the way in which the data 
in Table I were obtained, the first experiment in the table may be 
described. 555 mg. of l-proline and 30 mg. of dl-proline were 
dissolved in water, 35 cc. of N HCl were added, and the volume 
was made up to 250 cc. The solution was cooled, and a 200 ce. 
aliquot (containing 0.00386 mole of /-proline and 0.00021 mole of 
dl-proline) was added to 2.505 gm. of ammonium rhodanilate 
dissolved in 130 ec. of cold methanol. The solution was agitated 
at 0°, in a tightly stoppered flask, for 48 hours. The precipitate 
was collected at 0° on weighed crucibles with sintered glass filter 
plates, and dried over CaCl, and KOH in a desiccator to constant 
weight. The precipitate was analyzed polarimetrically in the 
manner already described.’ 

Solubility of Solid Solutions of l- and dl-Proline Rhodanilates 
2.000 gm. samples of the mixtures of the composition indicated 
in Column 1, Table II, were dissolved in 130 cc. of cold methanol, 
and 200 ce. of ice-cold water containing 25 cc. of Nn HCl were 
added to each. The mixtures were agitated at 0° for 48 hours, 
and the precipitates were filtered, dried, weighed, and analyzed 
polarimetrically. The results of the polarimetric analysis are 
reported in Column 2, Table Il. The solubilities, reported in 
Column 3, Table II, were determined as the difference in weight 
between the mixtures employed and the precipitates recovered. 


’In our earlier communication (1), the equation for calculating the l[- 
proline content of a sample of proline rhodanilate subjected to polarimetric 
analysis was given erroneously. The equation should read p = (a X S X 
57)/(—1.52° X 3.19) (p represents proline in mg., a observed rotation, and 
S total weight of solvents in gm.). 
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The precipitate containing 79.5 per cent of dl-proline and 20.5 
per cent of l-proline and the one containing 20.6 per cent of dl- 
proline and 79.4 per cent of l-proline were analyzed for their carbon 
and hydrogen content. 


(CysHigN SuCr) - (C35Hi902N )-H,0. Calculated. Cc 41.7, H 4.3 
604 .6 Found. ”" oe." 435 
“ ** 41.7, * 4.4 


Quantitative Determination of Total Proline Content of Mixtures 
of l- and dl-Proline—515 mg. of dl-proline, 1.800 gm. of /-proline, 
and 140 ec. of N HCl were made up to | liter with water. The 
solution was cooled, and three 200 ec. aliquots, each containing 
0.00403 mole of total proline, were added to 1.800, 2.202, and 
2.603 gm. samples of ammonium rhodanilate each dissolved in 
130 ce. of cold methanol. After 48 hours agitation at 0°, the 
precipitates were collected, dried, weighed, and analyzed polari- 
metrically. The precipitates weighed 1.675, 1.929, and 2.062 
gm. and contained 73.5, 73.9, and 74.4 per cent of l-proline rho- 
danilate and 26.5, 26.1, and 25.6 per cent of dl-proline rhodanilate 
respectively. The three calculated values for the total proline 
content of the aliquots taken were 0.00403, 0.00391, and 0.00382 
mole; average 0.00392 mole, corresponding to 97.5 per cent of 
the theory. 

The analysis of the other mixture mentioned in the text was per- 
formed in the same manner. 
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We reported recently (1) the formation of creatine from glyco- 
cyamine by rat liver slices; and that 40 to 50 per cent more crea- 
tine was formed when methionine was added with the glycocya- 
mine to the Ringer’s solution in which the slices were immersed. 
Among some thirty odd amino acids, methylated amines, a 
methylated purine, and betaine only methionine gave this in- 
creased rate of methylation. The rate of creatine formation 
under these conditions is sufficient, if it is of the same order of 
magnitude in vivo, to make good the entire loss as urinary creati- 
nine. 

If the methylation of glycocyamine in the liver is important 
both as a mechanism and as a site of creatine formation in animals, 
one may expect to find it in the livers of most other animals. 
We accordingly examined the livers of a number of animals for 
their ability to carry out this reaction. At the same time the 
possibility of its occurring in their kidneys was investigated also. 

The findings in this survey, summarized in Table I, were that 
glycocyamine can be methylated by the liver of every animal 
examined; the stimulating effect of methionine observed with rat 
liver was found with some but not all the other animals; the kid- 
ney appears to be unimportant (except in the pigeon) for the 
methylation of glycocyamine without or with methionine. 

The experimental and analytical procedure was the same as was 
described in our previous communication, except that the experi- 
ments with frog liver and kidney were carried out at 25° instead 


* Presented before the meeting of the American Society of Biological 
Chemists at New Orleans, March 13-16, 1940 (Proc. Am. Soc. Biol. Chem., 
J. Biol. Chem., 183, p. xv (1940)). 
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of 38°. All the creatine figures given represent differences in 
chromogenic material in the Jaffe reagent before and after digestion 
with the NC bacteria of Miller and Dubos (4). 

Baker and Miller (3) have reported that creatine is formed 
from unidentified precursors in rat liver and kidney (slices and 
mash). Our findings on this point are that small amounts of 
creatine (beyond the experimental error) were formed from pre- 


TABLE | 
Formation of Creatine in Liver and Kidney Slices 
Temperature 38°; glucose-Ringer’s solution. The creatine is given as 
mg. per 100 gm. of wet weight of tissue. 


Creatine in liver Creatine in kidney 
After 4 hrs. incubation After 4 hrs. incubation 
With With 6.25 With With 6.25 
Animal —_ 6.25 mg. per In- 6.25 mg. per 
In mg. cent glyco- jtially In mg. cent glyco- 


itially , , : ; , 
ally Ringer's per eyamine present Ringer's per cyamine 


present clution| cent and 40 mg. solution cent and 40mg. 
alone glyco- | per cent alone glyco- per cent 
eyam-_ di-methi- cyam- dl-methi- 
ine onine ine onine 
Cat 12.0 12.2 | 21.1 23.2 1.9 2.5 2.4 2.3 
Dog 2.9 2.9 3.5 10.3 17 26 26 26 
Guinea pig 1.7 3.4 | 12.4 12.1 3.0 4.5 8.5 6.6 
Frog (25°) 2.2' 2.2) 48 8.4 | 36 “4 «| «47 45 
Pigeon 1.0 2.0 | 11.8 16.0 10.8 10.7 | 17.9) 22.3 
Rabbit 5.8 5.7 | 26.4 12.0 9.4 15.2 | 15.0; 15.4 
Rat 1.4 2.8 | 20.6) 28.4 10.8 18.6 16.3 18.2 


The initial values are lower than those given by Baker and Miller (2, 3) 
for rat liver and kidney. In our procedure the slices are washed in a large 
volume of Ringer’s solution for at least 3 minutes before they are trans- 
ferred to the reaction vessels or submitted to analysis. Preformed creatine 
undoubtedly diffuses out of the slices during this washing. 


existing precursors in the liver slices of the guinea pig, pigeon, and 
rat. Kidney slices gave significant increases in every case except 
in the pigeon. 

After the cell structure of rat liver and kidney was destroyed, no 
creatine was formed from preexisting precursors nor from glyco- 
cyamine without or with methionine. The homogenizing proce- 
dure of Potter and Elvehjem (5) was used to disrupt the cells. 
It would seem that the creatine formed by chopped rat liver and 
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kidney from preexisting precursors (Baker and Miller (3)) must 
be ascribed to the intact cells in the mash rather than to a liberated 
enzyme. 

It is difficult to account for the large (absolute) amounts of 
creatine formed from preexisting precursors in the kidney slices 
in every case except in the pigeon, in view of the inability of cat, 
dog, rabbit, and rat kidney slices to methylate added glyco- 
cyamine, even in the presence of added methionine. The one 
animal which was negative in this respect—the pigeon—-was the 
only animal whose kidney gave a positive effect with glycocya- 
mine and a further increase with methionine. 

When the Ringer’s solution contained glycocyamine, there were 
large increases in creatine with the liver slices of every animal 
except the dog. In the interpretation of this negative effect in 
the case of the dog the positive effect observed when methionine 
was added with the glycocyamine must be taken into account. 
One possible interpretation is that the preexisting concentration 
of the glycocyamine-methylating agent is very low in dog liver— 
lower than in the livers of any of the other animals investigated. 

With kidney slices the added glycocyamine was not methylated 
or was methylated only to an insignificant extent in every case 
except in the guinea pig and pigeon. 

Bodansky (6) found an increase in the creatine content of rat 
kidney after glycocyamine was fed. Our interpretation of this 
increase was that it arose from temporary storage in the kidney 
of creatine synthesized in the liver from the glycocyamine fed 
(1). This interpretation is based on the finding that rat kidney 
slices do not methylate glycocyamine under conditions in which 
methylation readily occurs in liver. Bodansky concurs in this 
interpretation (personal communication). 

Methionine accelerated the methylation of glycocyamine by 
liver slices of the dog, frog, pigeon, and rat. This stimulation was 
not observed with the cat, guinea pig, and rabbit. Two possible 
reasons for this failure are that the livers of these animals con- 
tained a plethora of the methylating agent, or that the relatively 
high concentration of the unnatural isomer in the dl-methionine 
used was inhibitory (as in the rabbit liver slices). 

The pigeon was the only animal whose kidney slices were 
stimulated by methionine in their methylation of glycocyamine. 
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The pigeon is exceptional as far as creatine formation is concerned 
in that its kidney appears to share this function with its liver and 
resembles in this respect the livers rather than the kidneys of the 
other animals. 

The negative effect of methionine with the kidney slices of all 
the animals tried except the pigeon is a little unexpected. Oxida- 
tive deamination is more active in kidney than in liver slices (7); 
and after oxidative deamination the lability of the S-methyl 
group is increased (8). It might have been expected therefore 
that the methylation of glycocyamine would be more active in 
kidney than in liver. This is not the case. 

Our finding in this survey, that methylation of glycocyamine 
is an active function of the livers of all the animals examined, 
strengthens the conclusion that creatine is formed normally in the 
liver by the methylation of glycocyamine. It would be surprising 
if this is a fortuitous coincidence of little or no physiological 
significance. Other mechanisms and other sites of creatine form- 
ation are, of course, not excluded by these findings. 

The significance of methionine here is less clear. Our findings 
suggest that it is the methylating agent of glycocyamine in liver 
or its precursor. We are hesitant at present to accept methionine 
itself as the methylating agent because its effect is small consider- 
ing the concentration used. It may be that the actual methylating 
agent is the product of the oxidative deamination of methionine. 
This and other possibilities are now under investigation. 

Du Vigneaud and coworkers (9) have shown that the presence 
of choline in the diet enables the animal to utilize homocystine or 
homocysteine in place of methionine. They have suggested that 
choline enables the body to methylate the sulfhydryl group of 
homocysteine by furnishing the required methyl group, and 
further that methionine may furnish the methyl groups of choline. 
The reality of the latter relationship is now established by direct 
proof recently presented by du Vigneaud.' 

Our observations suggest that the S-methyl group of methionine 
may participate also in the formation of the N-methyl group of 
creatine. In this connection and in view of our findings with dog 
liver slices it is interesting that Stekol and Schmidt (10) found 


1 Verbal communication at the meeting of the American Society of 
Biological Chemists at New Orleans, March 13-16, 1940. 
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in the dog an increase in urinary creatinine after dl-methionine was 
fed, and none after glycine, glutamic acid, or /-pyrrolidonecar- 


boxylic acid. 


SUMMARY 


1. A survey was made of the possibility of creatine formation 
in vitro by slices of the livers and kidneys of the cat, dog, guinea 
pig, frog, pigeon, rabbit, and rat. 

2. Evidence of the existence of small amounts of creatine pre- 
cursors in the livers of the guinea pig, pigeon, and rat, and in the 
kidneys of all of the above animals except the pigeon was found. 

3. This finding appears to be much less significant quantita- 
tively than the much more active glycocyamine-methylating 
function of the liver slices of all animals investigated. Only 
guinea pig and pigeon kidney slices possessed this ability. 

4. The above findings are interpreted as indicating that creatine 
normally is formed by the methylation of glycocyamine in the 
liver. 
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THE ACTION OF CYSTEINE OR CYANIDE UPON 
GONADOTROPIC EXTRACTS 


By FRITZ BISCHOFF 


(From the Chemical Laboratory, Santa Barbara Cottage Hospital Research 
Institute, Santa Barbara) 


(Received for publication, April 16, 1940) 


Fraenkel-Conrat, Simpson, and Evans (1) have recently re- 
ported that hypophyseal gonadotropic hormones may be com- 
pletely inactivated by cysteine in mildly alkaline solution, whereas 
prolan, the principle from human pregnancy urine, shows no 
loss of potency under the same conditions; they have concluded 
that the disulfide bonds are essential for the activity of the 
hormones of pituitary origin and are non-essential or absent in the 
hormones of placental origin. In Foot-note 2 to their paper the 
statement is made that follutein (prolan) showed a slight decrease 
in potency.' It is also stated as curious and unexplained that 
when thymol was used as a preservative inactivation of prolan 
occurred but not when butanol was used. In the assay proce- 
dure used by these workers the establishment of a minimum 
effective dose by a positive response in two out of three rats is 
employed. Measures of variability are not given. 

In our first chemical studies on the pituitary gonadotropic hor- 
mone (2) no detectable loss of activity occurred upon short expo- 
sures to nascent hydrogen, sulfur dioxide, hydrogen sulfide, 
ferrous sulfate, or hydrogen cyanide. Prolan (3) withstood the 
action of cyanide for 1 hour at pH 6.5. Unpublished data for 
prolan indicate less than 25 per cent inactivation upon exposure to 
nascent hydrogen (magnesium powder in dilute acetic acid). 
Because of these essentially negative results and the data of 
Fraenkel-Conrat et al., which in our opinion are conflicting, the 
question of the reduction of gonadotropic hormones has been 
reopened. 


* According to our interpretation of the data, this amounts to 70 per cent 
inactivation by cysteine. 
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In this paper we report on (a) the action of cysteine upon the 
pituitary gonadotropic hormone, (b) the action of cysteine upon 
prolan, and (c) the action of cyanide on both these hormones. 


TABLE I 


Action of Cysteine upon Pituitary Gonadotropic Hormone 


No. of 
Total : . Re- 
: No. of Ovar- rats 
a —_- —- injec- ian __ used to rm 
ons home delay tions Treatment of hormone weight, »btain of 
No. | mone resorption onl ry ae hor- 
per rat . weight mone 
mg. per 
_ cent 
I |1 | None 5 | Control 50 4 
1 Tannic 1 ‘** tannic acid after 12 | 69 4 
acid hrs. 


1 None 5 | 10 mg. powder, 10 cc. H,0, | 26 4 40 
200 mg. NaHCO, 40 mg. 
cysteine HCl, 12 hrs. 


l Tannic| 1 Same cysteine treatment, 23 $ 40 
acid then tannic acid pptn. 
2 None 5 6 mg. powder, 6 cc. H,O, 50 | 55 4 50 


mg. NaHCQs, 12 mg. cy- 
steine HCl, 24 hrs. 
6 mg. powder, 6 cc. H,0, 50 43 4 50 
mg. NaOAc, 12. mg. 
cysteine HCl, 24 hrs. 
Il | 1 Tannic; 1 12.5 mg. powder, 6 cc. H.0O, 63 6 
acid 120 mg. butanol, 650 mg 
NaHCO,, 48 hrs., then 
HOAc and tannic acid 
pptn. 
a7 > 1 Same treatment 12* 6 
tal Pei l 12.5 mg. powder, 6 cc. H,0, | 12t 
120 mg. butanol, 650 mg. 
NaHCO, , 125 mg. cysteine 
HCl, 48 hrs., then HOAc 
and tannic acid pptn. 


bo 
on 


a 


<10 


to 





*73 mg. uterine weight. 
t 23 mg. uterine weight. 


In view of the work on insulin, concentration of reagents and 
reaction time have been considered, as they have been shown to 
govern the degree of inactivation. 
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EXPERIMENTAL 


The gonadotropic preparations of pituitary and urine of preg- 
nancy were the same as those used in earlier studies (2,3). The 
treatment of the material and the details of assay are given in 
Tables I to IV. The chemical reactions took place at room 
temperature. The reaction products were kept at 5°. In all 
cases 22 to 23 day-old female rats were used for assay, and a 


TABLE II 


Action of Cysteine upon Prolan (Urine of Pregnancy) 


No. of 
rats Re- 
Ex peri- Ovarian used to covery 
ment Treatment of hormone weight, obtain of 
No. average average hor- 
ovarian mone 
weight 
mg. per cent 
III None 33 5 
8 mg. prolan, 8 ec. H,O, 80 mg. cysteine 24 5 35 
HCl, 400 mg. NaHCOs,, 48 hrs. 
Same + 0.2 ec. human blood serum 22 5 27 


IV 8 mg. prolan, 400 mg. NaHCOs;, 8 mg. 26 + 3.2 6 
cresol, 8 ec. H.O, 48 hrs. 
8 mg. prolan, 400 mg. NaHCO, 8 mg. 16 + 2.0 6 24 
cresol, 80 mg. cysteine HCl, 8 ec. H,O, 
48 hrs. 
Vs 10 mg. prolan, 530 mg. NaHCOs, 85 mg. 29 + 3.3 6 
butanol, 5 ec. H,O, 48 hrs. 
Same + 100 mg. cysteine HCl 16+ 1.3 6 17 
10 mg. prolan, 530 mg. NaHCOs, 100 mg. 18+1.2 6 26 
cysteine HCl, 5 ec. H,O, 48 hrs. 


In all experiments a total of 1 mg. of prolan, untreated or treated, was 
administered per rat in four doses, one dose per day. 


simultaneous assay of untreated material or control material, 
subjected to the same pH and preservatives as the chemically 
treated material, was made in litter mates. In the assay proce- 
dures, ovarian weight increase is the objective measure. Data 
on the measures of variability and the relation of ovarian weight 
increase to the level of dosage have been previously de- 
scribed (3, 4). 

The cysteine reduction took place in bicarbonate buffer solution, 
the pH of the reaction approximating 8.0. In this pH range 
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insulin is almost completely (98 per cent) inactivated by its own 
weight of cysteine hydrochloride in 3 hours; it is 75 per cent 
inactivated in 1 hour (5). Cyanide reduction took place at 
approximately pH 10.0. This pH was chosen as the one used in 
analytic procedures for complete cystine reduction (6). 


TaBLe III 


Action of Cyanide upon Pituitary Gonadotropic Hormone 


No. of 
rats 
Experi- Ovarian used to ‘ 
ment Treatment of hormone weight, obtain BE ene 
No. average average 
ovarian 
weight 
mg. per cent 
VI No treatment except solution in H,O 89 8 
10 mg. powder, 8 ec. H,O, 40 mg. NaCN, 73 8 | Complete 


80 mg. NaHCO;, pH 10.5, 1 hr., then 
acid to HOAc 

12 mg. powder, 5 cc. H,O, 20 mg. NaCN, 110 8 ws 
15 min., then acid to HOAc 

VII 10 mg. powder, 300 mg. NaHCQs, 80 mg. 55 6 

Na.CO,, 3 ec. H,O, pH 10, 24 hrs., then 
acid to HOAc 

10 mg. powder, 300 mg. NaHCO,, 100 mg. 29 6 >40 
NaCN, 3 ce. H,O, pH 10, 24 hrs.,* then 
acid to HOAc 

10 mg. powder, 300 mg. NaHCOs, 100 mg. 56 6 Complete 
NaCN, 3 ce. H,O, pH 10, 1 hr.,* then 
acid to HOAc 


In all cases the solution was rendered acid to HOAc after treatment, 
and the hormone precipitated with excess tannic acid; the precipitate 
was taken to volume in isotonic saline. The total dose per rat was 1 mg. 
of original powder given in four doses on 4 days. 

* Positive test to nitroprusside. 


Results 
In Experiment I, Table I, which is concerned with the hypo- 
physeal preparation, the assay of the cysteine-treated material 
gives the same result whether divided dosage or single dosage as 
the insoluble tannate is used, showing that the cysteine-treated 
material possesses the original resorption properties.2. The 
?In another paper (7), we have pointed out that the statements of 


Fraenkel-Conrat et al. in regard to the pituitary hormone were not proved, 
since the question of a change in resorption rate was not considered. 
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results of Experiments I and II, Table I, indicate that increasing 
amounts of cysteine and extension of the reaction time increase 
the inactivation. 

A comparison of the experiments in Table I with those in Table 
II shows that under the same conditions of cysteine reduction 
more than 90 per cent inactivation of the pituitary hormone 
results, while from 63 to 85 per cent of inactivation of prolan 


TABLE IV 
Influence of Cyanide upon Prolan (Urine of Pregnancy) 
i? 
- Treatment of prolan — = covery 
a per cent 
VIII | 10 mg. prolan, 300 mg. NaHCOs;, 3 cc.) 28 4 


H.O, 80 mg. Na2COs, 24 hrs., pH 10, 
then acid to HOAc, final volume 10 
ec., pH 6.0 
10 mg. prolan, 300 mg. NaHCQs, 3 cc. 21 4 40 
H,0, 100 mg. NaCN, 24 hrs., pH 10, 
then acid to HOAc, vacuum distilla- 
tion, 0.1 N I, 0.1 N Na2S.Os3, final vol- 
ume 10 ec., pH 6.0 
IX | Control, same as Experiment VIII 34 
NaCN-treated, same as Experiment VIII 23 
X | Control, same as Experiment VIII, ex- 31+1.8 
cept 1 hr. at pH 10 
NaCN-treated, same as Experiment 35 + 2.4 6 127 
VIII, except 1 hr. at pH 10 


33 


ao oo 


In all cases the total dose per rat was 1 mg. of prolan given in four 
doses on 4 successive days. 


results whether or not butanol or cresol is used as preservative. 
In Experiment III, Table II, the addition of blood serum did 
not alter the response. 

Experiments VI and VII, Table III, demonstrate that the 
pituitary hormone is able to withstand short exposures (1 hour) 
to cyanide in alkaline solution. 24 hours exposure produces 
some inactivation. 

Experiments VIII, IX, and X, Table IV, show that the response 
of prolan to cyanide is like the response of the pituitary hormone. 
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In these experiments excess of HCN at the end of the reaction 
period was removed by vacuum distillation. The trace remaining 
was destroyed with 0.1 N iodine. The excess of iodine was 
destroyed with thiosulfate. That this procedure produces no 
inactivation is shown by the results of Experiment X. 
DISCUSSION 

According to Meyer (8)* prolan is sulfur-free. The fact that 
prolan can be partially inactivated by both cysteine and cyanide 
demonstrates that either the action of these reagents is by no 
means confined to disulfide reduction under the drastic conditions 
employed or that the purest prolan yet prepared is so crude that 
the sulfur content is too low for analysis. Prolan and the pitui- 
tary preparation withstand the action of cyanide under conditions 
in which sulfhydryl groups are produced in the pituitary prepara- 
tion. In this laboratory (10), the study of the action of cyanide 
upon insulin showed that complete inactivation occurred in 18 
hours, but that 30 to 60 per cent of the activity was recovered 
after 15 minutes exposure and that this partially inactivated 
insulin gave a positive nitroprusside test.‘ Wintersteiner (5), 
investigating the time curve of the reduction of the disulfide 
linkages of insulin by cysteine, and simultaneously observing the 
corresponding variation in physiologic activity, found that no 
proportionality exists between maximal reduction and physiologic 
activity, and that total inactivation occurs with the reduction of 
approximately one-third of the total sulfur. Both the pituitary 
and urinary gonadotropic preparations survive wholly or in part 
the action of cysteine or cyanide under conditions which com- 
pletely inactivate insulin. The evidence taken as a whole makes 
it somewhat dubious that the disulfide linkages are an essential 
part of the active group of the gonadotropic hormones. The 
inactivation produced by large excess of reagent and prolonged 
reaction time might be ascribed to side reactions. 


* Gurin, Bachman, and Wilson (9) have recently succeeded in preparing 
a prolan assaying over 6000 1.U. per mg. Ultracentrifuge studies indicate 
this preparation to be a homogeneous protein. Analyses of this product 
gave 1.96 per cent sulfur and 1.92 percent ash. The authors state the sulfur 
was probably largely inorganic. 

* Since the insulin was not crystalline, contaminating proteins may have 
contributed to the test. 
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SUMMARY 


1. The pituitary and urinary (prolan) gonadotropic hormones 
are relatively stable to cysteine and cyanide under experimental 
conditions which produce inactivation of insulin, and lead to 
disulfide reduction. 

2. Prolonged action (24 hours) and a large excess (10-fold by 
weight) of cyanide produce partial inactivation of both hormones, 
and within the error of assay, to the same degree. 

3. Prolonged action (48 hours) and a large excess (10-fold by 
weight) of cysteine hydrochloride produce more than 90 per cent 
inactivation of the pituitary preparation under experimental 
conditions which produce 65 to 85 per cent inactivation of prolan. 

4. These results are not in accordance with the view that the 
disulfide linkage is a component of the active group in the pituitary 
hormone but not in the urinary hormone. 
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RACEMIZATION OF GLUTAMIC ACID WITH HEAT 


By L. EARLE ARNOW anv JEANETTE C. OPSAHL 


(From the Laboratory of Physiological Chemistry, University of Minnesota, 
Minneapolis) 


(Received for publication, April 15, 1940) 


Recently we have been confronted with the problem of prepar- 
ing dl-glutamic acid in large quantities. Several methods of 
racemizing /(+)-glutamic acid have been described (1-5), but 
none of them appears to be suitable for large scale production in 
the ordinary chemical laboratory. Abderhalden and Kautzsch 
(6) have investigated the conversion of glutamic acid to pyrroli- 
donecarboxylic acid by means of heat. They found that dl- 
pyrrolidonecarboxylic acid could be prepared by heating 1(+)- 
glutamic acid for some time at 180-200°. dl-Glutamic acid 
hydrochloride was formed when the inactive pyrrolidonecarboxylic 
acid was allowed to stand in hydrochloric acid solution at 37° 
for several days. Yields were not reported. We have found 
that small samples (20 gm.) of 1(+)-glutamie acid can be con- 
verted to dl-pyrrolidonecarboxylic acid by heating the glutamic 
acid at 190-195° for 3 hours. In general, larger samples require 
longer periods of heating for complete racemization. For ex- 
ample, when 500 gm. of glutamic acid were heated in a liter beaker, 
5 to 6 hours were necessary. Subsequent hydrolysis of the dl- 
pyrrolidonecarboxylic acid gives dl-glutamic acid in good yield 
(70 per cent). 


EXPERIMENTAL 


Preparation of dl-Glutamic Acid Hydrochloride—200 gm. of 
l(+)-glutamic acid were placed in an oven at 190-195°. After 
melting had taken place, heating was continued for 3.5 to 4 hours. 
Before the brown mass had solidified, it was dissolved in 300 ce. 
of hot 20 per cent hydrochloric acid, and the hot solution was 
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filtered through glass. The filtrate was boiled under a reflux 
for 4 hours, after which it was allowed to stand at room tempera- 
ture until crystallization had begun. 200 cc. of concentrated 
hydrochloric acid were now added. The mixture was placed in a 
refrigerator at —10° overnight.' The next day, the precipitated 
glutamic acid hydrochloride was filtered off. After it was washed 
with absolute ethyl alcohol and ether, the ether was allowed to 
evaporate and the material was dried in a desiccator over calcium 
chloride. Yield, 208.7 gm. (83 per cent); m.p.,2 198°. (Abder- 
halden and Kautzsch (6) give 200° as the melting point of dl- 
glutamic acid hydrochloride.) A solution made by dissolving 
0.5013 gm. in 15 ec. of 9 per cent hydrochloric acid was optically 
inactive (2 dm. polarimeter tube). 

If pure dl-glutamic acid hydrochloride is desired, it can be 
prepared by recrystallization of the crude material from 20 per 
cent hydrochloric acid. 

Preparation of dl-Glutamic Acid—208 gm. of the crude dl- 
glutamic acid hydrochloride described above were dissolved in 
250 ec. of hot water, and the solution was decolorized with char- 
coal. After cooling, 455 cc. of approximately 2.5 N sodium 
hydroxide were added. The solution now gave a greenish yellow 
color with brom-cresol green. After the mixture had remained 
overnight in the ice box, the crystalline glutamic acid was filtered 
off and dried. The mother liquor, which now gave a blue color 
with brom-cresol green, was readjusted to the proper acidity with 
10 ec. of concentrated hydrochloric acid, and a second small crop 
of erystals was obtained. The total glutamic acid isolated was 
152.4 gm. (92 per cent; over-all yield, 76 per cent). This material 
was purified by recrystallization from 900 cc. of water. Yield, 
140 gm. (over-all yield, 70 per cent); m.p., 198°. (Fischer, Kropp, 
and Stahlschmidt (1) give 199° (corrected) as the melting point 
of dl-glutamic acid.) A solution prepared by dissolving 0.5510 
gm. in 15 ee. of 9 per cent hydrochloric acid was optically inactive 
when it was read in a 2 dm. polarimeter tube. 


‘The yield will be nearly as high if crystallization takes place at 0°. 
2 The melting points reported in this paper were determined with the 
Fisher-Johns apparatus (Fisher Scientific Company, Pittsburgh) and are 


uncorrected. 
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SUMMARY 


A convenient procedure for the racemization of 1(+)-glutamic 
acid is described. It involves the formation and racemization of 
pyrrolidonecarboxylic acid with heat, with subsequent hydrolysis 
of the dl-pyrrolidonecarboxylic acid to give dl-glutamic acid. 
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In a recent publication (1) it has been shown, with the aid of 
deuterium and N*®, that during the biological conversion of 
d(—)-phenylaminobutyric acid into the acetyl derivative of its 
l(+) form most of the nitrogen originally attached to the amino 
acid was removed and replaced by nitrogen from other sources. 
Phenylaminobutyric acid is not a physiological compound and is 
not found in proteins. It is acetylated and excreted in the urine. 
In work on the “inversion’’ of this compound one follows simul- 
taneously the process of acetylation. Both processes affect the 
a-amino group of the amino acid. 

The ability of animals to invert physiological amino acids of 
“unnatural” configuration has been definitely established (see 
discussion in (1)). Most experiments have been carried out with 
indispensable amino acids. Conrad and Berg (2) have followed 
the inversion of histidine directly by replacing in the diet of grow- 
ing animals the “natural” histidine by its unnatural isomeride. 
From the proteins of the animals only natural histidine could be 
isolated, a finding demonstrating the inversion of the unnatural 
histidine. Almost all other experiments on inversion of indis- 
pensable acids (methionine (3, 4), phenylalanine (4), tryptophane 
(5), ete.) were based on growth curves. All these studies were 
thus carried out with animals that were in special need of the 
natural form of the amino acid and demonstrated that immature 
rats are able to derive the missing amino acids by inversion. 


* This work was carried out with the aid of grants from the Josiah 
Macy, Jr., Foundation and the Rockefeller Foundation. 
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The isotope method makes it possible to investigate such 
processes in adult full grown animals on their ordinary stock diet: 
If the unnatural form of the amino acid, containing isotope, is 
added to the diet, and its natural isomeride is isolated from the 
protein, the presence of isotope in the latter is proof of inversion. 

We have recently described experiments with 1(—)-leucine 
(6), which was obtained by resolution of a synthetic racemic prod- 
uct containing two independent isotope markers, deuterium at- 
tached to the carbon chain and N® in the amino group. In the 
present study the metabolic fate of d(+)-leucine obtained from 
the same racemic preparation was followed under exactly the same 
conditions: weight of animals, basic diet, amount of leucine 
added, and duration of experiment. To facilitate comparison in 
Tables I to V we include the values obtained with l(—)-leucine. 
The procedures for the isolation of amino acids were also prac- 
tically the same, but we have not attempted to isolate as many 
pure amino acid samples as in the experiment with natural leucine. 

In recent work on intermediary metabolism, compounds have 
been given with isotope contents ranging from 1.2 to 6.7 atom per 
cent N®. The isotope concentrations observed in compounds 
isolated from the animals are a function of those in the material 
administered. For comparison it is preferable to refer them to a 
uniform basis. The values in the present paper are accordingly 
calculated as for 100 per cent N* in the nitrogen, and 100 per cent 
deuterium in the hydrogen of the compounds fed. This form of 
presentation has the advantage that it shows directly what part 
of the biological reaction product is derived from the administered 
material. If after feeding leucine with “100” atom per cent N*, 
glutamic acid isolated from the proteins contains ‘“2.0”’ atom per 
cent N', this means that a minimum of 2 per cent of the glutamic 
acid nitrogen is derived from the leucine administered. The same 
reasoning applies to work with deuterium. If d(+)-leucine with 
“100” atom per cent deuterium is given, and /(—)-leucine iso- 
lated from the protein contains “13” atom per cent deuterium, 
this means that at least 13 per cent of the natural leucine in the 
protein is derived from the unnatural enantiomorph. 

Balance of Nitrogen of d(+)-Leucine—The balance of the 
nitrogen of both leucine isomers is given in Table I. The absorp- 
tion of the unnatural compound from the intestinal tract was as 
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good as that of the natural one. However, much less of the iso- 
topic nitrogen was retained, and twice as much was excreted with 
the urine (58 per cent compared with 27 per cent). The amount 
of nitrogen introduced into the proteins, though considerable, was 
correspondingly less. The nitrogen of the unnatural isomer is 
thus not as well utilized as that of the natural one. 

“Relative Activity” of Organ Proteins (Table II)—The proteins 
of all organs have “‘accepted”’ nitrogen from the unnatural leucine. 
As was to be expected from the results of the balance (Table I), 
the concentration of isotope in the proteins of the organs was in 
almost every case lower than after feeding of the natural material. 


TABLE | 
Balance of Nitrogen Isotope after Feeding Isotopic Leucine 
The values were calculated from the total nitrogen of the fractions and 
their isotopic concentration. 


Administered N® found in different 
fractions after feeding 





l(—)-Leusine 


d(+)-Leucine 
per cent per cent 
Excreta Feces 1.7 2.1 
Urine 58.3 27 .6 
Animal body Non-protein N 11.7 7.8 
Protein 34.4 57.5 
Total isotope recovered. . , 106 95 


However, the relative activity was about the same for all organs. 
Isotope concentration was highest in the plasma, that in the 
viscera intermediate, and that in erythrocytes, muscle, and skin 
was low. 

Inversion of d(+)-Leucine—The proteins (after extraction 
with trichloroacetic acid) were hydrolyzed, and leucine was 
isolated from the proteins of the liver and of the rest of the body. 

The isotope analyses of the leucine preparations are included in 
Table III. The deuterium content (last line, Table III) in the 
leucine indicates that the carbon chain has been utilized; 2.e., 
the leucine was inverted and a considerable amount introduced 
into the proteins. The amount of leucine carbon chain introduced 
into the liver after the unnatural form is fed is only about 20 per 
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cent lower than that after the natural isomer. At least 9.8 per 
cent of the carbon chain of the leucine in the liver proteins was 
derived from the unnatural leucine of the diet.’ 

On the other hand, the N" concentration in the leucine from 


, the proteins was very low when compared with the results of the 


feeding of l(—)-leucine. Though a considerable amount of the 
carbon chain was utilized, most of the nitrogen must have been 


TABLE II 
N Concentration in Protein Nitrogen of Blood and Organs from Rats Given 
Isotopic Leucine 
The values are calculated for a concentration of 100 atom per cent N' 
in the administered leucine. 


N® concentration after feeding 


Fraction 
d(+)-Leucine | 1(—)-Leucine 
atom per cent atom per cent 
N™ excess N"® excess 

Blood plasma 1.15 1.65 
Erythrocytes. . 0.28 0.29 
Liver 0.89 0.93 
Intestinal wall 0.76 1.48 
Kidney 0.97 1.36 
Heart. . ; 0.89 
Spleen zairees 0.62 1.10 
Testes - ; 0.76 
Skin.... - 0.13 0.18 
Muscle ea 0.25 0.33 
Carcass F 0.24 0.46 


The error of the analysis of N'* is +0.003 atom per cent N'® when concen- 
trations of normal abundance are measured. The error in the calculated 
values is about 20 times higher; 7.e., +0.06 atom per cent excess. 


replaced by nitrogen from other sources. The finding of replace- 
ment of original nitrogen during inversion is similar to that 
observed with phenylaminobutyric acid (1). The probable 
mechanism responsible for the replacement is discussed later. 
Activity of Amino Groups in Amino Acids of Proteins—In 
Table III are also given the N™ concentrations of a number of 


1 The casein of the diet contained an equivalent amount of “natural” 
leucine. According to our earlier experiments a considerable amount of 
this material must also have been deposited. 
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amino acids isolated from the proteins of the liver and the rest of 
the body. Almost all amino acids investigated contained nitro- 
gen isotope, but less than after the feeding of (—)-leucine. Argi- 
nine is an exception. Its higher isotope content after the feeding 
of the unnatural form of leucine may be associated with the more 
extensive production of isotopic urea. It was shown in previous 
papers (see discussion in (6)) that the amidine * H,.C=N ” 


TABLE III 


Isotope Concentration in Protein Constituents from Rats Given Isotopic 
Leucine 


The values are calculated for an isotope concentration (N* or D) of 
100 atom per cent in the administered leucine. 


In liver protein after In carcass protein after 


feeding feeding 
d(+)- K—)- d(+)- u-)- 
Leucine Leucine Leucine Leucine 
atom atom elon nn ' 
cent N“% cent N“ cent N“ cent N“ 
excess excess excess ercess 
Amide nitrogen... fis 2.45 0.78 0.77 
Glycine hivn Sa 0.55 0.73 0.14 
Tyrosine. ...... _ poaia 0.50 | 0.11 0.20 
Aspartic acid ...... 1.03 1.16 | 0.24 0.70 
Glutamic “ .. a 1.33 1.85 0.17 0.89 
Arginine hae 1.19 0.89 0.24 
Leucine ar 0.77 7.92 0.25 1.90 
atom atom atom atom 
cent | cent | cent | cent 
3.33 


Leucine Bi i Ne ae 9.77 12.22 | 1.52 


The error is dievemed in Table II. 


group of arginine, which according to Krebs and Henseleit (7) is an 
intermediate in urea formation, always contains considerable con- 
centrations of isotope when isotopic amino acids are administered. 
It is of interest that in this experiment, as in all our others, 
glutamic acid has a high isotope concentration. The results defi- 
nitely prove that the unnatural leucine has yielded nitrogen to 
other amino acids. 

It has been shown that natural leucine, like many other amino 
acids, is involved in a process of continuous deamination = 
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amination. The present result thus differs only quantitatively 
from that obtained after feeding of natural leucine. 

The N™ concentration in the leucine of the liver is lower than that 
in the glutamic acid, aspartic acid, and arginine. As leucine is 
involved in the process of amino shift, it takes up nitrogen from 
any source that yields nitrogen; 7.e., from almost all amino acids. 
It has been shown that not only the nitrogen of administered 
natural amino acids, but even that given in the form of ammonia 
(8) is introduced to some extent into the amino acids of proteins. 
Some of the nitrogen originally attached to d(+)-leucine after its 
removal must thus have found its way back to leucine in the course 
of continual deamination = amination. The presence of small 


TABLE IV 


N"* Concentration in Urinary Ammonia and Urea from Rats Given Isotopic 
Leucine 


The values are calculated for a concentration of 100 atom per cent N® in 
the administered leucine. 


N® concentration after feeding 
d(+)-Leucine i(—)-Leucine 


atom per cent atom per cent 


N™ excess N™ excess 
Urea ‘ 4.19 2.43 
Ammonia. . ee ee ee ee ne 15.76 3.90 


The error is discussed in Table IT. 


amounts of N* in the leucine of the proteins thus cannot be taken 
as indication that any of the original nitrogen had stayed attached 
to the carbon chain during the process of inversion. The values 
in Table III taken together make it appear highly probable that all 
of the nitrogen originally attached to leucine became detached from 
the carbon chain during the process of inversion; i.e., the d(+)- 
leucine had been completely deaminated. In the second stage 
of the reaction, amination, a small amount of isotopic nitrogen 
became reincorporated to form l(—)-leucine. 

Amide Nitrogen—The concentration of isotope in the amide 
nitrogen from the proteins of liver and body was not only higher 
than that found after the natural leucine was fed, but also con- 
siderably above that of the other amino acids. According to 
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Leuthardt (9) and Bach (10), the amide group of glutamine as well 
as the amidine group of arginine is involved in urea formation. 
The present finding of exceptionally high isotope concentration in 
both groups may be related to the diminished utilization of the 
isotopic amino acid nitrogen and its increased excretion as urea 
(Table IV). 

According to Rose (11) leucine, which is an indispensable 
amino acid, can be replaced in the diet of growing rats by the 
corresponding a-hydroxy and a-keto acids. However, the un- 
natural isomer, d(+)-leucine is reported not to be a substitute 
for the natural form. The present results show that, while d(+)- 
leucine is converted into the natural isomer in adult animals on an 
ordinary diet, it is not quite as “effective” as its natural analogue 
in regard to deposition and nitrogen shift. The differences be- 
tween the results of Rose and ours may be due to a difference in 
the age of the animals, or to the mode of experimentation. 


EXPERIMENTAL 


Preparation of d(+-)-Leucine (N“D)—The resolution and isola- 
tion of pure /(—)-leucine from the racemic isotopic mixture have 
been described in detail (6). The d(+) isomer was obtained from 
the alcohol-insoluble brucine salt of formylleucine. In order to 
remove any contaminating isotopic /(—) isomer, the washing out 
procedure analogous to that used for the purification of the 
natural isomer was employed. The d(+)-leucine (8.83 gm.) 
finally obtained contained 10.74 per cent N (Kjeldahl), 6.32 atom 
per cent N™ excess, and 3.48 atom per cent D. [a]* = —15.3° 
(3.887 per cent in 20 per cent HCl). 

The /(—) isomer after the washing out procedure was reported 
to contain 6.54 atom per cent N® excess and 3.60 atom per cent 
deuterium. 

Feeding Experiment—Four male rats of 1278 gm. total weight 
were kept in separate cages for 8 days on the same stock diet as 
used previously. For the following period of 3 days, isotopic 
d(+)-leucine was added to the diet. A mixture containing 2.565 
gm. of the amino acid and 171 gm. of diet was completely con- 
sumed during the experimental period. The animals maintained 
a constant weight (the weight at the end of the experimental 
period was 1285 gm.). The excreta were collected quantitatively. 
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The animals were killed by exsanguination. The procedure of 
investigation of excreta and tissues was the same as that previ- 
ously described. 

Excreta—The combined urines contained 3.35 gm. of total nitro- 
gen with 0.302 atom per cent N™ excess. A sample of ammonia 
was obtained by aspiration of the alkaline mixture, and urea was 
obtained by precipitation with xanthydrol.? The isotope concen- 
tration in the two fractions obtained after administration of natu- 
ral and unnatural leucine is given in Table IV. 

The results indicate that a much larger fraction of the ammonia 
was derived from the unnatural than from the natural leucine. 


TABLE V 


N** Concentration in Non-Protein Nitrogen of Organs from Rats Given 
Tsotopic Leucine 


The values are calculated for a concentration of 100 atom per cent N"™ 
in the administered leucine. 


N"® concentration after feeding 
d(+)-Leucine | 1(—)-Leucine 


atom per cent atom per cent 


N™ excess N™ excess 
eee 1.84 1.24 
Intestinal wall 2.55 1.82 
Kidney . . 1.98 1.34 
Skin... : bi 0.35 0.41 
Muscle she 7 0.63 0.46 
Carcass 0.62 0.57 


The error of the analyses is discussed in Table II. 


This is probably the result of the rapid deamination of the un- 
natural isomer by d-amino oxidase present in the kidney (12). 

The feces contained a total of 0.644 gm. of nitrogen with 0.046 
atom per cent N™ excess. 

Investigation of Organs—The organs were exhaustively extracted 
with 6 per cent trichloroacetic acid, and the insoluble fraction 
(protein) and the soluble fractions (non-protein nitrogen) were 
analyzed. The isotope concentrations in the non-protein nitrogen 
fractions (Table V) in contrast to those of the protein nitrogen 


2 The authors are indebted to Dr. Samuel Graff for isolation of urea 
samples, A study of the formation of ammonia and urea from isotopic 
ammonia and amino acids will be published in a forthcoming paper. 
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(Table I1) of liver, intestinal wall, and kidney are somewhat higher 
than the concentrations observed after the natural leucine was 
fed (see also Table 1). 

The protein fractions were each hydrolyzed in 20 per cent HCl 
for 24 hours. Small aliquots of all fractions were taken for esti- 
mation of nitrogen and N“. The isotope balance given in Table I 
was obtained from the following values by calculation. 


Liver, protein 1.132 gm. of N with 0.056 atom per cent N'® excess, non- 
protein N 0.120 gm. of N with 0.116 atom per cent N" excess. Intestinal 
tract, protein 0.574 gm. of N with 0.048 atom per cent N"™ excess, non- 
protein N 0.084 gm. of N with 0.161 atom per cent N"™ excess. Kidney, 
protein 0.223 gm. of N with 0.061 atom per cent N'® excess, non-protein N 
0.029 gm. of N with 0.125 atom per cent N' excess. Spleen, protein 0.117 
gm. of N with 0.039 atom per cent N™ excess, non-protein N 0.018 gm. 
of N with 0.112 atom per cent N* excess. Skin, protein 0.716 gm. of N 
with 0.008 atom per cent N' excess, non-protein N 0.121 gm. of N with 
0.022 atom per cent N'° excess. Muscle, protein 0.779 gm. of N with 0.016 
atom per cent N™ excess, non-protein N 0.101 gm. of N with 0.04 atom per 
cent N' excess. Remaining carcass, protein 29.57 gm. of N with 0.015 
atom per cent N' excess, non-protein N 4.20 gm. of N with 0.039 atom per 
cent N' excess. Blood serum, total N 0.179 gm. of N with 0.073 atom per 
cent N'S excess. Erythrocytes, total N 0.745 gm. of N with 0.018 atom per 
cent N' excess. 


The amino acids listed in Table III were isolated according to 
procedures previously described (6). The purity was determined 
by Kjeldahl nitrogen estimation. 


Glycine (toluenesulfonyl derivative) from carcass, m.p. 147°, N 6.21 per 
cent, 0.009 atom per cent N'*; from liver, m.p. 147°, N 6.18 per cent (cal- 
culated 6.11 per cent), 0.035 atom per cent N'® excess. Tyrosine from 
carcass, N 7.79 per cent (calculated 7.74 per cent), 0.007 atom per cent N** 
excess. Aspartic acid (as anhydrous copper salt) from carcass, N 7.01 
per cent (calculated 7.18 per cent), 0.015 atom per cent N!* excess; from 
liver, 0.065 atom per cent N'* excess. Glutamic acid (the hydrochloride) 
from carcass, N 7.39 per cent (calculated 7.60 per cent), 0.011 atom per 
cent N'§ excess; from liver, 0.084 atom per cent N* excess. 


Arginine from the liver was isolated as the flavianate and 
recrystallized from water. It was decomposed for N® analysis 
by extraction of an acidified solution with butyl alcohol. It con- 
tained 0.075 atom per cent N®. 

Leucine was isolated from the combined livers and from the 
remaining carcasses via the insoluble copper salts. 55 mg. were 
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obtained from the liver; N 10.42 (calculated 10.68 per cent). It 
contained 0.34 + 0.08 atom per cent deuterium and 0.049 + 0.004 
atom per cent N™ excess. 1.75 gm. were obtained from the re- 
maining carcass; [a], = +17.1°. It contained 53.12 per cent C, 
9.51 per cent H, 10.78 per cent N, and 1.98 per cent S. The data 
indicate a contamination with 9.2 per cent of methionine. The 
material contained 0.053 atom per cent deuterium and 0.016 atom 
per cent N” excess. 

Amide nitrogen from the carcass contained 0.049 atom per cent 
N" excess; from liver, 0.155 atom per cent N"™ excess. 


SUMMARY 


1. Small amounts of leucine of unnatural steric configuration, 
d(+)-leucine, were added to the stock diet of four adult rats for a 
period of 3 days. The amino acid contained deuterium as a 
marker of the carbon chain and N™ in the amino group. The 
experimental conditions were otherwise the same as those, reported 
previously, when natural leucine was given. 

2. The material was well absorbed. Considerably more of the 
marked nitrogen was excreted in the urine than was observed in 
the corresponding experiment with l(—)-leucine. The amount of 
isotopic nitrogen introduced into tissue proteins was correspond- 
ingly less (34 per cent instead of 57 per cent). All organs had 
taken part in the “acceptance” of isotopic nitrogen. 

3. Amino acids (glycine, tyrosine, aspartic acid, glutamic acid, 
and arginine) isolated from the proteins of the animals contained 
isotopic nitrogen, indicating that unnatural leucine, like its natural 
isomer, yields nitrogen for the process of amino shift among amino 
acids. 

4. Leucine isolated from the proteins of liver and the rest of the 
body had a considerable content of deuterium, indicating that the 
carbon chain of the unnatural leucine was used for the formation 
of natural leucine. The result is proof of the inversion of d(+)- 
leucine in normal adult animals. 

5. In contrast to the high deuterium content, the leucine prepa- 
rations contained only very low concentrations of N"5, lower than 
in many other amino acids from the same proteins. The result 
is explained by assuming that inversion took place in two stages: 
the compound was first completely deaminized; in the second stage 
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(asymmetrical amination) nitrogen from other amino acids was 
used. In this second part of the reaction a small amount of 
nitrogen, liberated from the isotopic amino acid, was reintroduced. 


12 


-. 
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It has been found with the aid of isotopes that the nitrogen of 
some dietary amino acids (dl-tyrosine (1), l(—)-leucine (2), 
d(+)-leucine (3), and even ammonia (4, 5)) enters into various 
chemical reactions which proceed normally with the body proteins. 
In the course of these processes a large fraction of the dietary 
nitrogen becomes fixed in the proteins. The nitrogen excreted by 
animals in nitrogen equilibrium is not merely that of the diet but 
a sample of the metabolic pool originating from interaction of 
dietary nitrogen with the relatively large quantities of reactive 
protein nitrogen. 

When isotopic dl-tyrosine or isotopic 1(—)-leucine was given 
as a minor component of the diet to non-growing animals in 
nitrogen equilibrium, the corresponding amino acids (tyrosine, 
leucine, etc.) isolated from the body protein had a very high 
isotope concentration, indicating a replacement of amino acids 
in the proteins by the same type of free amino acids. Amino 
acids other than those administered, i.e. glycine, glutamic acid, 
aspartic acid, etc., had a lower but appreciable N™ concentration. 
Nitrogen originally attached to the carbon skeleton of leucine or 
tyrosine must have been removed and attached to other chains to 
form new amino acids. These in turn must have replaced the 
same type of amino acid in the proteins. Glutamic and aspartic 
acids always had a higher isotope concentration than other amino 


* This work was carried out with the aid of grants from the Josiah Macy, 
Jr., Foundation and the Rockefeller Foundation. 
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acids, indicating a high metabolic activity of these protein con- 
stituents. The continuous process of deamination and amination 
at the a-carbon atom was observed to occur not only with dis- 
pensable amino acids but also with some indispensable ones such 
as leucine and histidine (6). The amino acid lysine seems to 
play an exceptional réle; in contrast to the other protein constit- 
uents thus far investigated, lysine is never found to contain ni- 
trogen from other amino acids. 

Besides the a-amino group, two other nitrogenous groupings of 
the proteins were found to be involved in continuous reactions, 
the amide group and the amidine group of arginine. As free 
arginine (7) and glutamine (8, 9) have been shown in vitro to 
play a réle in urea formation, the presence of isotope in the amide 
and amidine groups of the proteins was taken as indication that 
these parts of the protein molecule play an analogous réle in vivo, 
probably in connection with continuous liberation and reintro- 
duction of the amino acids to which they are attached. 

The process of transfer of nitrogen from one amino acid to others 
is very rapid. The amount of isotopic nitrogen incorporated in 
the protein by this transfer process is much higher than that which 
enters the protein in conjunction with the carbon chain of the 
same amino acid to which the isotopic nitrogen was originally 
attached. When l(—)-leucine was administered, only one-third 
of the isotopic nitrogen in the total protein was found attached to 
the leucine carbon chain; the remaining two-thirds was present 
in other protein constituents. Similar results were obtained after 
dl-tyrosine was fed (1). All the reactions indicated with isotopes 
must have been so balanced as to avoid changes, for the total 
amounts and structure of the various proteins remain constant 
within narrow limits in non-growing, normal animals. 

In the present study, the fate of glycine in normal rats has 
been investigated under conditions analogous to those of the 
previous experiments. Four full grown rats were given our cus- 
tomary stock diet, the protein of which is casein. This protein 
contains not more than traces of glycine (10). For a period of 
3 days a moderate amount of isotopic glycine corresponding to 
23 mg. of N per rat per day was added to the diet. After the 
animals had consumed the mixture, they were killed by exsangui- 
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nation and the bodies worked up in a manner similar to that of 
the previous experiments. 

The amount of nitrogen (23 mg. per rat per day) added as 
glycine to the diet is the same as that added to the same basic 
diet in previous experiments (tyrosine (1), l(—)-leucine (2), 
d(+)-leucine (3), ammonium citrate (5)). The results of all 
these experiments are thus directly comparable when calculated 
as outlined in Paper XIII (3) for 100 atom per cent N" in the 
compound (in this case glycine) added to the diet. 


TaBie | 
Balance of Nitrogen Isotope after Feeding Isotopic Glycine 


The values were calculated from the total nitrogen of the fractions 
and their isotopic concentration. The animals consumed 879 micro- 
equivalents* of N** excess. 


Fraction of N' 
N administered 


micro- 


equivalents* per cent 

Excreta Feces 22 2.5 
Urine 357 40 6 

Animal body Non-protein N 102 11.6 
Protein N 390 44.3 

Total isotope recovered................... 871 99.0 


* 1 microequivalent of N = 15 y of N®. 


The fate of dietary glycine nitrogen was found to be generally 
the same as that of the other compounds investigated. Some 
processes, namely excretion and the introduction of nitrogen into 
amide and amidine groups, seem to be somewhat faster, while 
the transfer to a-amino nitrogen may be somewhat slower. These 
quantitative differences will be discussed later. 

Balance of Glycine Nitrogen—The excreta were quantitatively 
collected and investigated as described before. The tissues of the 
animals were exhaustively extracted with 6 per cent trichloro- 
acetic acid. The total amount of nitrogen and the isotope content 
of each fraction were determined. In Table I is given the dis- 
tribution of isotopic nitrogen, 7.e. of ingested glycine nitrogen, 
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among the different fractions. The material was well absorbed! 
but only 41 per cent of the administered marked nitrogen appeared 
in the urine. Most of the remainder (44 per cent) had replaced 
nitrogen in the proteins and a small amount (11 per cent) was 
recovered in the non-protein nitrogen fraction. The total re- 
covery of isotope was good.2. The present findings taken together 
with the similar results obtained when other isotopic compounds 
were fed convince us that we are dealing with a reaction typical for 
most dietary amino acids. 


TABLE II 


N"* Concentration in Protein Nitrogen of Blood and Organs from Rats Given 
Isotopic Glycine 


Organ Total N Amount of N“ N concentration* 
milliequivalents microequiralents es yy 
Erythrocytes 61.2 12.2 0.44 
Serum 16.1 12.9 1.77 
Liver 79.9 50.3 1.40 
Intestinal tract 32.0 14.1 0.97 
Brain... 7.4 1.3 0.38 
Carcasst 2302 .0 299 3 0.29 


Total . oy" 2498 6 390.1 


The error of the analysis of N** is +0.003 atom per cent N™ when con- 
centrations of normal abundance are measured. The error in the calcu- 
lated value is about 20 times higher; i.e., +0.06 atom per cent excess. 

* The values in this column are calculated for an N™ concentration of 
100 atom per cent in the glycine added to the diet. 

t This fraction represents all the remainder of the body. 


Relative Activity of Organ Proteins—In Table II are given the 
isotope concentrations in the nitrogen of different organs. It was 
pointed out before (2) that these values indicate the relative 


1 It is highly questionable whether the small amount of isotope in the 
feces found in all such experiments represents unabsorbed food material. 
It is more probable that the isotopic nitrogen had entered the intestinal 
lumen with the proteins of the intestinal secreta, which, like the proteins 
and the other nitrogenous constituents of the animals, must have con- 
tained N*. 

2 The precision of recovery (99 per cent) of the isotope is fortuitous. 
We estimate the error of such balances to be +10 per cent. 
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chemical activity of the proteins in regard to the acceptance of 
glycine nitrogen. The results with glycine are thus similar to 
those with leucine (2, 3); the proteins of serum, liver, and intestinal 
tract have a high “‘activity,”’ while that of the erythrocytes (hemo- 
globin) and of the muscle and skin (carcass) is low. The latter 
organs, however, played the most important réle in the total 
replacement process, owing to their large size and their high total 
nitrogen content. 

Replacement of Glycine in Proteins by Dietary Glycine—The 
proteins of liver, intestinal tract, and the combined proteins of 


TaB_e III 
N™ Concentration in Protein Constituents from Rats Given Isotopic Glycine 
The values are calculated for an N' concentration of 100 atom per cent 
in the glycine added to the diet. 


Intestinal 


trast Carcass 


Liver 


atom percent | atom percent atom per cent 


N™ excess N" excess N™ excess 

Glycine cane ten mae 54 8.86 4.22 1.04 

Tyrosine. . ‘3 0.47 0.13 

ERP tee ee erst 0.78 0.09 
Ornithine from arginine ....... 0.24 
Ammonia ‘“ ° ibid ns 1.53 

Glutamic acid....... al ey 0.89 0.27 

Aspartic ‘“ Bescawe 0.73 0.20 

0.56 


Amide N....... 7 ee Be 1.44 


The error is discussed in Table II. 


muscle and skin were hydrolyzed and samples of several pure 
amino acids isolated. The N® concentrations of these samples 
are given in Table III. The glycine isolated had an isotope con- 
centration much higher than that of any other protein fraction, 
indicating the direct introduction of glycine. In the previous 
experiment with leucine the incorporation into the proteins of 
the carbon chain was established by the presence of an independent 
isotope, deuterium. This mode of experimentation is not feasible 
in the case of glycine, as the hydrogen atoms of its methylene 
group are “semilabile’’ (11-13), but the parallelism in the results of 
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this and the earlier experiments leaves no doubt as to its inter- 
pretation. 

The values given in Table III indicate that in the 3 day period 
a minimum of 8.8 per cent of the glycine present in the liver 
proteins has been replaced by dietary glycine. The corresponding 
values for intestinal tract and for muscle and skin are 4.2 and 1 
per cent respectively. This calculation presupposes that none of 
the isotopic nitrogen originally attached to the carbon chain had 
been replaced by normal nitrogen from other sources. The ni- 
trogen of glycine is, however, involved in such transfer processes 
(see below). Part of the isotope must have been replaced by 
normal nitrogen in the course of these reactions. The amounts 
of glycine carbon chain newly introduced into the proteins must 
thus have been higher than is indicated by the concentration of 
nitrogen isotope. 

While these values indicate how much of the glycine in the pro- 
tein had been replaced, they do not indicate what fraction of the 
dietary glycine became incorporated in the proteins. To calcu- 
late this value it is necessary to know the total amount of glycine 
in dietary and animal proteins in addition to their isotope con- 
tents. All data except the content of glycine in the total protein 
of rats are known. We have determined the latter by the “iso- 
tope dilution” method (14), in a manner analogous to the de- 
termination of leucine in rat protein (2). The nitrogen of the 
total protein of rats was found to contain 10.1 per cent of glycine 
nitrogen. On the basis of these data it was calculated that a 
minimum of 13 per cent of the dietary glycine was directly intro- 
duced in the proteins as glycine. This value is also based on the 
assumption that no isotope in the glycine has been replaced by 
normal nitrogen. The actual amounts introduced must have 
been higher. 

Glycine is a dispensable amino acid and can be synthesized by 
rats (15). It is probable that newly synthesized glycine in addi- 
tion to that of the diet also takes part in the replacement process. 

Activity of a-Amino Group—The nitrogen of tyrosine, glutamic 
acid, and aspartic acid (Table III) contained considerable concen- 
trations of isotopic nitrogen. In agreement with all earlier 
experiments, the concentration of N" in glutamic acid is highest. 
These findings indicate that these amino acids had accepted nitro- 
gen originally present in glycine. This is additional evidence for 























Ratner, Rittenberg, Keston, and 671 
Schoenheimer 


the occurrence of continuous nitrogen shifts in the a-amino groups 
of the amino acids of proteins. As stated in previous papers 
(1, 3), this type of experiment does not disclose the mechanism 
responsible for the nitrogen transfer (synthesis and degradation 
of anvino acids, transamination, reductive amination of keto acids 
in the presence of ammonia, etc.). 

Ornithine isolated from the arginine contained a small but 
significant concentration of isotope. The marker may have been 
located in the a-, 6-, or both amino groups. Ammonia liberated 
from arginine by treatment with alkali contained a rather high 
concentration of isotope. This nitrogen must have been present 


in the NH,—C=NH (amidine) group of arginine. The amide 
nitrogen of the proteins had about the same isotope concentration. 
These high concentrations in both fractions may be correlated with 
the formation and excretion in the urine of somewhat larger 
amounts of isotope in the form of urea than was found after 
addition of other natural amino acids. The rdéle of protein argi- 
nine in urea formation has been discussed extensively before (1, 2). 

Glycine As Nitrogen Donor and Acceptor—The results of the 
present experiment show that glycine yields nitrogen to the 
a-amino group of other amino acids. In earlier experiments when 
isotopic 1(—)- or d(+)-leucine (2, 3) or ammonia (4, 5) was 
given, the glycine isolated from the proteins contained marked 
nitrogen. Glycine thus belongs to the group of amino acids which 
yield as well as accept nitrogen from other compounds. As 
mentioned before, the mode of transfer is not yet established. 
In the case of a dispensable amino acid like glycine, it is possible 
that the “acceptance”’ of nitrogen from other compounds occurs 
in the course of the total synthesis of the amino acid. 

The réle of glycine as a precursor of body creatine has already 
been discussed in a note (16). 


EXPERIMENTAL 


Preparation of Glybine (N*)—The isotopic glycine employed in 
this experiment was prepared via isotopic ethyl phthalimido 
acetate by the method previously described (17). The substance 
contained 4.50 atom per cent N™ excess. 

Feeding Experiment—Four male rats kept separately in metab- 
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olism cages were maintained on our stock diet containing casein 
(1, 2, 5). The animals had a combined weight of 1262 gm. 
After 6 days isotopic glycine was added to the diet daily for 3 days. 
During the experimental period, 176 gm. of diet containing 1.466 
gm. of isotopic glycine, or 0.273 gm. of glycine nitrogen, had been 
consumed. The animals maintained a constant weight (their 
weight at the end of the experimental period was 1286 gm.). 
The excreta were collected quantitatively. The animals were 
killed by exsanguination. The procedure of investigation of 
excreta and tissues was the same as that described before. 

Excreta—The combined urines contained 3.91 gm. of total 
nitrogen with 0.128 atom per cent N* excess. A sample of am- 
monia was obtained by aspiration of the alkaline mixture, and 
urea was obtained by precipitation with xanthydrol.* These 
samples contained 0.148 and 0.123 atom per cent N™ excess re- 
spectively. The feces were combined with the contents of the 
intestinal tract. The material contained 0.551 gm. of total ni- 
trogen with 0.057 atom per cent N™ excess. 

Investigation of Organs—The organs were exhaustively ex- 
tracted with 6 per cent trichloroacetic acid, and the insoluble 
fractions (protein) as well as the soluble fractions (non-protein 
nitrogen) were analyzed. The liver non-protein nitrogen con- 
tained 0.106 gm. of total nitrogen with 0.096 atom per cent N® 
excess. The intestinal tract non-protein nitrogen contained 
0.088 gm. of total nitrogen with 0.067 atom per cent N excess. 
The carcass non-protein nitrogen contained 4.21 gm. of total 
nitrogen with 0.030 atom per cent N® excess (see Table I). 

Each of the protein fractions was hydrolyzed in 20 per cent 
hydrochloric acid for 24 hours. Small aliquots of all fractions 
were taken for estimation of total nitrogen and N“. The N® con- 
centrations found in the various organs in atom per cent N® 
excess are as follows: erythrocytes 0.020, serum 0.080, liver 
0.063, intestinal tract 0.044, brain 0.017, carcass 0.013 (compare 
Table II). 

The isotope balance given in Table I was calculated from the 
nitrogen contents of each fraction and thei? respective N™ con- 
centrations. For the total nitrogen contents of the organs see 


Table II. 


* The authors are indebted to Dr. Samuel Graff for isolation of the urea 


samples. 
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The amino acids listed in Table III were isolated according to 
procedures previously described (2). The purity was determined 
by Kjeldahl nitrogen estimation. 

Glycine (toluenesulfony! derivative) from carcass had a melting 
point of 147—148°, N 5.95 per cent, 0.047 atom per cent N™ excess; 
from liver, m.p. 147-148°, N 6.19 per cent, 0.399 atom per cent 
N® excess; from intestinal tract, m.p. 147—148°, N 6.21 per cent, 
0.190 atom per cent N® excess. Tyrosine from carcass gave 
N 7.62 per cent, 0.006 atom per cent N™ excess; from liver, N 7.88 
per cent, 0.021 atom per cent N™ excess. 

Arginine was isolated as the flavianate and recrystallized from 
water. For N* analysis the flavianate was decomposed by ex- 
traction of an acidified solution with butyl alcohol. From carcass 
0.004 atom per cent N™ excess was obtained; from liver 0.035 atom 
per cent N" excess. 830 mg. of arginine flavianate isolated from 
the liver protein were degraded with an excess of barium hydroxide 
as previously described (2). A sample of the ammonia collected 
during the reaction contained 0.069 atom per cent N™ excess. 
Ornithine was isolated from the reaction mixture as the mono- 
hydrochloride, which was then converted to the dibenzoy! deriva- 
tive. Yield 147 mg., m.p. 188-188.5°, N 8.33 per cent, 0.011 
atom per cent N" excess. 


Glutamic acid (as the hydrochloride) from carcass gave N 
7.61 per cent, 0.012 atom per cent N™ excess; from liver, N 7.88 


per cent, 0.040 atom per cent N™ excess. 

Aspartic acid (as the anhydrous copper salt) from carcass gave 
N 7.00 per cent, 0.009 atom per cent N™ excess; from liver, N 7.08 
per cent, 0.033 atom per cent N™ excess. 

Amide nitrogen from carcass gave 0.025 atom per cent N™ 
excess ; from liver, 0.065 atom per cent N™ excess. 

Determination of Glycine in Protein of Rat—Glycine was esti- 
mated by the “isotope dilution’? method (14). The trichloro- 
acetic acid-extracted proteins obtained from one adult normal 
male rat were hydrolyzed by boiling under a reflux in 800 cc. of 
20 per cent hydrochloric acid for 24 hours. The solution was 
made up to a volume of 2000 cc. and 250 cc. aliquots (A and B) 
each containing 1018 mg. of nitrogen were taken for analysis. 
To Aliquot A was added 70.0 mg. of isotopic glycine, and to 
Aliquot B 71.1 mg. of the same preparation containing 4.56 atom 
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per cent N® excess. The solution was then decolorized with 
norit and concentrated to a syrup in vacuo. Glycine was pre- 
cipitated as the trioxalatochromiate as described by Bergmann 
and Niemann (18). The precipitate was dissolved in 100 cc. of 
water and the nitrogen content (6.5 mm) determined by Kjeldahl 
estimation. The solution was brought to pH 6 by addition of 
dilute sodium hydroxide, and then treated with 2.5 gm. of toluene- 
sulfonyl chloride (13 mm) dissolved in ether. The mixture was 
stirred continuously and 13 cc. of 2 N sodium hydroxide were 
added over a period of 2 hours. Stirring was continued 2 hours 
longer. The solution was extracted three times with small 
amounts of ether, filtered, acidified with dilute sulfuric acid, and 
extracted with ether in a continuous extractor. The crystalline 
residue obtained after removal of ether was recrystallized twice 
from hot water and then twice from acetone by precipitation 
with petroleum ether. 

From Aliquot A 0.989 gm. of toluenesulfonyl glycine were 
obtained, m.p. 147-148°, N 6.12 per cent, 0.518 atom per cent 
N® excess; from B, 1.030 gm., m.p. 147—148°, N 6.06 per cent, 
0.538 atom per cent N"™ excess. The amount of glycine present 
in Aliquot A may be calculated from the expression ((4.56/0.518) 
— 1) X 70.0, and was found to be 546 mg. of glycine, or 101.8 
mg. of glycine nitrogen. Analogous calculations from the results 
obtained in Aliquot B give a value of 10.2 per cent. 

Calculation of Dietary Glycine Deposited in Protein—As was 
shown above, 10.1 per cent of the protein nitrogen (34.98 gm.) 
is glycine nitrogen, which corresponds to 18.9 gm. of glycine in 
four rats. The N"™ content of the glycine isolated from the car- 
cass protein was 0.047 atom per cent N™ excess, which we assume 
in this calculation to represent the average value for the glycine 
of the entire animal, since the carcass contained most of the ni- 
trogen (see Table II). The animals consumed 1.466 gm. of iso- 
topic glycine containing 4.50 atom per cent N" excess. The depos- 
ited glycine has, therefore, been “diluted” 96 times (4.50/0.047) 
by admixture with normal nitrogen in the carcass glycine. 197 
mg. of the body glycine must, therefore, have been of dietary 
origin; i.e., 13 per cent of the ingested amino acid has been de- 
posited in 3 days. 

Deposition of N in Protein Constituents Other Than Glycine— 
44.3 per cent of the isotopic nitrogen administered as glycine was 
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found in the body protein (Table I). This corresponds to 0.390 
milliequivalent of N'. Since 10.1 per cent of the body protein 
nitrogen was glycine nitrogen, and there were 2499 milliequivalents 
of total protein nitrogen in the body (see Table II), 252.4 milli- 
equivalents were total glycine nitrogen. This contained 0.047 
atom per cent N™ excess, 0.119 milliequivalent of N"“, which is 
31 per cent of the total N" present in the body protein. The rest, 
69 per cent, must therefore have been present in other amino acids 
in the protein. 


SUMMARY 


1. Four adult non-growing rats were kept on an ordinary stock 
diet to which was added during the last 3 days an amount of 
glycine corresponding to 23 mg. of nitrogen per rat per day. 
The added glycine contained 4.5 atom per cent N" excess. All 
experimental conditions were otherwise identical with those 
employed when the metabolism of other isotopic amino acids was 
investigated. The excreta and organs of the animals were worked 
up in the same fashion as in the earlier experiments. 

2. The glycine was excellently absorbed, but only 40 per cent 
of the isotopic nitrogen appeared in the urine. Almost all of the 
rest had replaced a corresponding amount of body nitrogen. A 
small amount (11 per cent) was found in the non-protein nitrogen 
fraction, and the bulk in the proteins. The relative “activity” 
of the various body proteins in regard to the “acceptance” of 
glycine nitrogen was about the same as their activity towards 
l(—)-leucine nitrogen. Muscle and skin took the greatest share 
in the uptake of dietary nitrogen. 

3. From the hydrolysates of the proteins of liver, intestinal wall, 
and the remainder of the bodies, several samples of pure amino 
acids were isolated. The glycine samples had the highest isotope 
content, indicating that free glycine had replaced glycine in protein 
linkage. In the course of 3 days a minimum of 8.8 per cent of the 
glycine in the liver proteins was replaced by dietary glycine. The 
corresponding values for the proteins of the intestinal wall and of 
the remainder of the body are 4.2 and 1 per cent respectively. 

4. In addition to glycine, other amino acids (glutamic acid, 
aspartic acid, tyrosine, arginine) of the proteins contained isotope, 
indicating the transfer of glycine nitrogen to the carbon chain of 
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other amino acids. Glycine, like many other amino acids, is 
involved in the continuous process of yielding nitrogen to and 
accepting nitrogen from other amino acids. 

5. The results of the glycine experiment are thus generally the 
same as those obtained with other aminoacids. Only quantitative 
differences were observed. The theoretical discussion presented 
in our earlier paper (2) thus holds also for the explanation of the 
present results. 


BIBLIOGRAPHY 


1. Schoenheimer, R., Ratner, 8., and Rittenberg, D., J. Biol. Chem., 
127, 333 (1939). 
. Schoenheimer, R., Ratner, 8., and Rittenberg, D., J. Biol. Chem., 
130, 703 (1939). 

3. Ratner, 8., Schoenheimer, R., and Rittenberg, D., J. Biol. Chem., 
134, 653 (1940). 

4. Foster, G. L., Schoenheimer, R., and Rittenberg, D., J. Biol. Chem., 
127, 319 (1939). 

5. Rittenberg, D., Schoenheimer, R., and Keston, A. S., J. Biol. Chem., 
128, 603 (1939). 

6. Schoenheimer, R., Rittenberg, D., and Keston, A. S., J. Biol. Chem., 
127, 385 (1939). 

7. Krebs, H. A., and Henseleit, K., Z. physiol. Chem., 210, 33 (1932). 

8. Leuthardt, F., Z. physiol. Chem., 252, 238 (1938). 

9. Bach, 8. J., Biochem. J., 33, 1833 (1939). 

10. Foreman, F. W., Biochem. J., 13, 378 (1919). 

11. Giinther, G., and Bonhoeffer, K. F., Z. physik. Chem., Abt. A, 180, 
185 (1937). 

12. Krogh, A., and Ussing, H. H., Compt.-rend. trav. Lab. Carlsberg, 22, 
282 (1938). 

13. Rittenberg, D., Keston, A. 8., Schoenheimer, R., and Foster, G. L., 
J. Biol. Chem., 125, 1 (1938). 

14. Rittenberg, D., and Foster, G. L., J. Biol. Chem., 183, 737 (1940). 

15. MeCoy, R. H., and Rose, W. C., J. Biol. Chem., 117, 581 (1937). 

16. Bloch, K., and Schoenheimer, R., J. Biol. Chem., 133, 633 (1940). 

17. Schoenheimer, R., and Ratner, 8., J. Biol. Chem., 127, 301 (1939). 

18. Bergmann, M., and Niemann, C., J. Biol. Chem., 122, 577 (1937-38). 


bo 




















THE DETERMINATION OF MANGANESE IN ORGANIC 
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Studies on the metabolism of manganese in the mouse frequently 
require making an analysis of this element in the ash of the whole 
animal. The large amounts of calcium and chloride present in 
this ash present a special problem in the quantitative determination 
of manganese. The chlorides must be removed, but in doing this 
one must avoid forming insoluble calcium salts, because man- 
ganese is difficult to remove by washing from materials such as 
calcium sulfate and calcium phosphate. 

A modification of the Davidson and Capen (1) method is used 
in this work. The Davidson and Capen method is suitable for 
analysis of manganese in plants which contain relatively small 
amounts of chlorides, but to apply it to ash high in chlorides it 
was found that special modifications had to be introduced. The 
present method consists in oxidizing the manganese to perman- 
ganic acid with potassium persulfate and then determining the 
quantity colorimetrically. Complete conversion of manganese 
to permanganic acid requires the removal of chlorides. This is 
accomplished by dissolving the ash in concentrated nitric acid, 
adding sulfuric acid, and evaporating the solution to dryness. 
By avoiding an excess of sulfuric acid it is possible to prevent the 
formation of calcium sulfate, thus making filtration unnecessary. 


Method 
The mice are killed by asphyxiation with illuminating gas, 
thoroughly washed with distilled water, and the alimentary tracts 
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removed and discarded. The livers are analyzed separately. 
The material is dried in an electric oven at 105° and ashed in 
silica beakers, in a silica-lined and thermostatically controlled 
muffle furnace. The use of silica throughout insures against 
contamination from utensils or from the walls of the furnace, 
while the accurately controlled temperature eliminates the danger 
of overheating. Tests show that a temperature of 650° is in- 
sufficient to ash organic matter completely but that a temperature 
greater than 700° is unnecessary. A higher temperature might 
even cause the formation of oxides which would be difficult to 
dissolve. After about 8 hours of heating at slightly less than 700°, 
the ashing is completed and the material, when cool, is dissolved 
in 10 ce. of concentrated nitric acid. 4 drops of concentrated 
sulfuric acid are added and the solution evaporated to dryness 
over an open flame to remove the chlorides. More sulfuric acid 
is unnecessary and undesirable, since it will form more calcium 
sulfate than can be dissolved. The residue is then dissolved in 
12 ec. of 25 per cent nitric acid and the solution made to volume. 
Since the manganese content of a mouse fed on a manganese- 
restricted diet is very small, the final volume should not be greater 
than 20 ce. For mice fed on a normal diet or for those which have 
had manganese added to the diet the volume is made to 50 ce. 
The amount of nitric acid used in dissolving the residue should 
not be greater than 15 per cent of the final volume, because the 
author (2) has found that this is near the upper limit for develop- 
ing the maximum intensity of permanganic acid color. To a 
measured amount of the solution in a graduated centrifuge tube 
are added 0.2 cc. of 0.25 per cent silver nitrate, as a catalyst, and 
0.25 gm. of potassium persulfate. If the ash is thought to be 
low in manganese and the final volume is made to 20 cc. in order 
to concentrate the manganese as much as possible, 10 cc. of the 
undiluted solution should be used. If, however, the animal had 
been fed on a normal diet or if manganese had been added to the 
diet, then from 2 to 5 ec., when diluted to 10 ec. with distilled 
water, will contain enough manganese to give a convenient depth 
of color for reading. When the tubes are heated in a water bath, 
the pure permanganic acid color, free from turbidity, appears 
within a few minutes and will persist for weeks without fading. 
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The color is compared with a standard similarly treated, in 
Nessler tubes of 10 cc. capacity, graduated in tenths of a em., and 
12 cm. in length. Most accurate readings can be made in these 
tubes when not more than 0.02 mg. of manganese in 10 ce. is 
measured. The oxidation may be brought about in the presence 
of nitrie acid, sulfuric acid, or phosphoric acid. However, the 


TABLE I 


Results of Analyses and Recovery of Added Manganese in 
Dry Tissue of Mouse 


~ 


Weight 
Material Mouse | Liver pf olies | tran lame 
used 
gm. gm. gm. mg. mg. per cent 
Whole mouse minus liver | 6.5 0.26 0.0024 
(0.3 mg. Mn per day for 0.26 0.0027 
90 days) 0.26 0.0018 0.0043 | 97.2 
Liver 0.45 0.45 0.0053 
Whole mouse minus liver 5.8 1.16 0.0018 
(fed on dog biscuits) 1.16 0.0016 
1.16 | 0.0035 0.0053 | 102.8 
Liver 0.33 0.33 0.0025 
Whole mouse minus liver 6.7 1.34 0.0017 | 
(fed on dog biscuits) 1.34 0.0019 
1.34 0.0028 0.0045 | 96.4 
Liver 0.42 | 0.42 0.0032 
Whole mouse minus liver | 7.4 7.40 0.0035 
(milk-fed) 
Liver 0.43 0.43 0.0015 | 
Whole mouse minus liver | 6.3 6.30 0.0028 
(milk-fed) 
Liver 0.39 | 0.39 0.0012 


writer has observed that the resulting color has a different tint 
with each acid. Therefore for accurate readings nitric acid should 
be used in the standard, since that acid is used in the sample. 
Sufficient data are given in Tables I and II to show the ap- 
plicability of the procedure. Table I shows the results of the 
analyses of manganese in five mice. Three were fed on dog bis- 
cuits, and one of the three had 0.3 mg. of manganese added to 
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its drinking water each day for 90 days. The other two received 
only milk supplemented with iron and copper. 

Mice kept on a manganese-restricted diet in this laboratory 
are fed nothing but milk to which iron and copper are added; 
therefore it was necessary to know the manganese content of this 
food. Since both the ash of the mouse and that of milk contain 
very small amounts of manganese and large amounts of calcium 
and chlorides, the procedure described for the determination 
of manganese in the mouse can be applied directly to that of milk. 
The ash from 100 ec. of milk contains enough manganese to give 


TABLE II 


Results of Analyses and Recovery of Added Manganese 
in Three Samples of Skim Milk 


Each determination was carried out on 100 cc. of milk. 


Recovery of added 


Skim “ree Mn added Mn found Mn 

mg. mg. per cent 
I 0.0023 
0.0026 

0.0008 0.0032 93.7 
II 0.0033 
0.0038 

0.0012 0.0048 104.2 
III 0.0038 
0.0035 

0.0015 0.0051 96 .6 


a color of sufficient intensity for satisfactory reading if the volume 
is made to 15 ce. 

Table II shows the analyses of three separate samples of milk. 
The manganese for recovery was added before the material was 
ashed. In the whole animal this manganese was added to an 
aliquot part of the solution before the color was developed. The 
recovery of added manganese was satisfactory in all cases, and 
there was never any interference from calcium or chlorides. In 
analyzing tissues containing less calcium or chlorides than is 
found in the whole animal or in milk no change in the procedure 


is necessary. 
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SUMMARY 


A procedure is presented for the determination of small amounts 
of manganese in ash which is high in calcium and chlorides. An 
essential feature in the method consists in removing chlorides with 
a minimum amount of sulfuric acid, thus preventing the formation 
of calcium sulfate. Filtration, therefore, becomes unnecessary 
and the danger of losing manganese in the process of filtering and 
washing is eliminated. 
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THE EFFECTS OF LIVER AND PANCREAS EXTRACTS 
UPON FAT SYNTHESIS AND METABOLISM 


By E. W. MCHENRY anp GERTRUDE GAVIN 
(From the School of Hygiene, University of Toronto, Toronto, Canada) 
(Received for publication, April 8, 1940) 


In previous papers (1-3) we have described the influence of 
thiamine upon fat synthesis in rats and in pigeons, and the effects 
of other B vitamins and of choline upon the distribution of the 
fat thus formed. In a continuation of this work we desired to 
investigate the effects of pantothenic acid and of factor W. Since 
a pure preparation of the former was not readily available and 
since the latter has not yet been isolated, an extract of beef liver 
which has been shown to contain both these factors (4, 5) was 
employed. Production of fatty livers in rats fed this extract led 
to a study of methods for the prevention of such fat deposition 
in the liver. 


Methods 


Rats were employed as test animals. The strain, age, and care 
were the same as previously reported (3). Basal Diet 1 (3) was 
used throughout. To deplete the rats of their stores of B vita- 
mins and of fat, they were fed only the basal diet for 3 weeks. 
At the end of this period, body weight and body fat had been 
definitely diminished. During a subsequent period of 1 week 
various combinations of supplements were administered to 
different groups. Thiamine, riboflavin, vitamin Bs, and choline 
were given by subcutaneous injection, since previous trials had 
shown that they were as effective by this route as by mouth and 
that more accurate dosage of the animals was possible. The 
liver fraction and supplements other than those previously 
mentioned were mixed with the food. Vitamin and choline 
supplements were given in the following amounts per rat per 
day unless otherwise indicated: thiamine hydrochloride (Merck) 
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12.5 micrograms, riboflavin (Hoffmann-La Roche) 10.0 micro- 
grams, vitamin B, (kindly donated by Merck and Company and 
by E. R. Squibb and Sons) 20 micrograms, choline hydrochloride 
(British Drug Houses) calculated as choline base 10 mg., liver 
fraction 0.5 cc., brewers’ yeast powder (Mead Johnson and 
Company), lipocaic (generously furnished by Eli Lilly and 
Company), and rice polish concentrate (Labco) as indicated. 

The liver fraction was prepared as follows: 70 kilos of fresh 
beef liver were minced and stirred for 1 hour with 135 liters of 
water containing 70 cc. of sulfuric acid. The mixture was heated 
to 70° and filtered while hot through a linen bag. The liver 
residue was reextracted with 112 liters of water. The combined 
filtrates were concentrated in vacuo to one-eighth of the original 
volume and the concentrate was mixed with sufficient ethyl 
alcohol to give an alcohol concentration of 52 percent. A precip- 
itate settled out and was removed by filtration. The filtrate 
was concentrated in vacuo to one-tenth of its volume and the 
concentrate poured into sufficient absolute ethyl alcohol to give 
an alcohol concentration of 90 per cent. After removal of a heavy 
precipitate, the liquid was distilled in vacuo until free of alcohol. 
The final volume was adjusted so that 0.5 cc. contained the 
material derived from 10 gm. of liver. 

The rats were killed by stunning, the livers removed, and total 
crude fatty acids in the livers and bodies were determined by 
methods previously published (1, 3), although in some cases livers 
from a group of animals were combined for analysis and a pro- 
cedure similar to that reported for the bodies was used. All 
results are averages for groups of ten rats. 


EXPERIMENTAL 
Effect of Liver Extract upon Fat Synthesis 

Series I—The effect of the liver fraction when given as the only 
supplement and with various combinations of other supplements 
was investigated. The weight changes during the supplement 
period and the total crude fatty acids in the liver and body at the 
end of the experiment are given in Table I. When the liver 
fraction was given, there was a marked increase in weight, the 
percentage of liver fat was abnormally high, and the body fat 
increased. 
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Series II—The liver fraction contained significant amounts of 
thiamine and choline. We are indebted to Dr. D. G. H. Mac- 
Donald and Mr. J. G. Truax of this laboratory for the determina- 
tion of the amounts. By means of the thiochrome procedure (6) 
the liver fraction was found to contain 15 micrograms of thiamine 
per cc. By the method of Fletcher, Best, and Solandt (7) the 
choline content was 20 mg. per cc. Animals receiving supple- 
ments of liver fraction and of thiamine secured a total amount of 
this vitamin which was approximately double the quantity or- 


TABLE I 
Effect of Liver Fraction upon Fat Synthesis 


Average Total crude fatty 


individual 
iy Supplements |=" 
ee Liver Body 
gm. percent percent 
I | None, 3 wks. depletion 4.4 2.1 
Liver fraction +25 9.0 8.4 
~ ‘y + thiamine +34 | 16.0 | 8.9 
” 2 + - + choline +35 14.7 8.1 
= ” + ie a + +34 11.4 9.1 
flavin 
Same + vitamin B, +36 13.5 5.5 
II | Thiamine (12.5 y) +3 13.7 4.8 
2 (12.5 **) + choline (10 mg.) +5 3.8 5.0 
" (25 “*) +5 14.7 4.8 
si (25 ‘‘) + choline (10 mg.) +6 3.3 5.3 
7 (25 **) + — fea 3 +6 3.8 5.5 


dinarily employed by us. It was necessary to determine whether 
the increase in the amount of thiamine was responsible for the 
effect produced by the liver fraction. The result secured with a 
dose of thiamine double our customary amount was studied in 
this series. The effect of choline in preventing the deposition 
of liver fat caused by thiamine was also investigated, with either 
the amount of choline ordinarily employed by us or double this 
quantity. The amount of choline supplied in the liver fraction 
was sufficient, in itself, to prevent fatty livers caused by thiamine. 
It is obvious that the fatty livers caused by administration of liver 
extract are different from those produced by thiamine alone. 
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Prevention of Development of Fatty Livers Caused by Liver Extract 
(Table II) 

Series III—The administration of customary doses of choline 
(Series I) did not markedly diminish the deposition of liver fat 
TaBLe II 
Prevention of Development of Fatty Livers Caused by Liver Extract 


Total crude fatty 


— Supplements acide in 
Liver Body 
per cent per cent 
III | None, 3 wks. depletion 2.6 1.9 
Liver fraction + thiamine 15.6 6.8 


“ ae + = + choline (10 mg.) | 13.3 6.7 
rT sc + ‘e + o¢ (490 * ) 9.5 6.8 


= ” — ” + * co ” } 12.1 6.8 

IV | After 3 wks. depletion period 
Fox Chow 4.7 4.2 
a ee + liver fraction 3.6 5.3 


With no depletion period 


Fox Chow 3.0 7.8 

sgh iallth + liver fraction 3.0 9.0 

V _. Liver fraction + yeast (0.3 gm.) 13.2 7.8 
“ “ =~ 3 7.1 8.5 

= - + * 8 Bl 6.1 10.2 

VI | Control 2.6 5.1 
Liver fraction 17.4 6.4 

a ‘« + rice polish concentrate (0.3 gm.) 4.8 9.3 

aS a. on ~ “ (0.6 “* ) 5.3 8.0 

“ pe ge 4s 6 ae } 2.2 7.3 

VII_ = Control 2.6 §.1 
Liver fraction 17.4 6.4 

74 a + lipocaic (0.3 gm.) 2.9 7.4 

Vill = 9 13.2 7.0 
- ” + lipoecaic (0.025 gm.) 13.9 7.0 

5 + se (0.05 gm.) 12.2 6.4 

wi %; + “(0.1 gm.) 5.6 6.1 

” " + “i (0.2 “ ) 3.6 4.6 

“ ” + " (0.3 “ ) 3.2 6.1 

IX “ - 8.5 7.2 
" sia + lipocaic (0.3 gm.) 3.2 6.8 

- “ + casein (0.1 gm.) 8.1 6.4 


All rats except those in Series ITI and IV received thiamine, choline, and 
riboflavin during the supplement period. In Series VIII vitamin Bs was 
also administered. 
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caused by the liver fraction. It seemed possible that larger 
amounts of choline might be necessary to overcome the effects 
of the liver fraction and this was investigated in Series III. 
Series IV—-As choline, even in large amounts, did not prevent 
the development of fatty livers when the liver fraction was given, 
other substances were tested. Fox Chow (Toronto Elevators), 
regularly used as a diet for normal rats, was fed both after a 3 
week depletion period on the basal diet and without a depletion 
period. This food, used in place of the basal diet, prevented the 
development of fatty livers when the liver fraction was given. 


1S 


Crupe Farry Acips 
PER CENT 











u 2 
LIPOCAIC GRAMS 


Fic. 1. Effeets of various amounts of lipocaic upon liver fat 


Series V—-Dried brewers’ yeast was tested for its activity at 
the levels indicated. Yeast is partially effective in controlling the 
level of liver fat but even 0.9 gm. of yeast per rat per day did not 
result in a normal value. 

Series VI—A rice polish concentrate was tested. It was more 
effective than yeast in preventing the development of fatty livers 
when the liver fraction was given. 

Series VII—Dragstedt and his colleagues (8) reported that when 
an alcoholic extract of pancreas, named by them lipocaic, was 
added to the diet of depancreatized dogs receiving insulin it pre- 
vented the infiltration of the liver with fat. It seemed of interest 
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to determine whether lipocaic would prevent the fatty livers 
caused by the liver fraction. This preparation proved to be by 
far the most active substance tested, on the basis of equal weights 
of the various preparations. 

Series VIIIJ—In the method reported by Dragstedt and his 
colleagues for the determination of the effectiveness of pancreatic 
extracts, depancreatized dogs have been used. This procedure 
is expensive and time-consuming. It seems likely that the pre- 
vention of fatty livers caused by liver extract in rats could be 
made the basis of a rapid procedure. Accordingly, in Series VIII 
the effect of various amounts of lipocaic was investigated. The 
results are given in Fig. 1. The potency of a pancreatic extract 
could be expressed in terms of the least amount required to 
maintain a normal liver fat in rats fed a constant amount of liver 
fraction, or the potency of various pancreatic extracts could be’ 
given in terms of a standard preparation. 

Series 1X—Besides a small amount of choline, which has been 
shown to be ineffective, lipocaic contains a relatively high per- 
centage of protein (9). Several proteins, such as casein, have 
been shown to exert a lipotropic action upon the thiamine type 
of fatty liver (10). This series shows that extra casein did not 
exert the same effect as lipocaic. 


Effect of Liver and Pancreatic Extracts upon Cholesterol Metabolism 


Kaplan and Chaikoff (11) reported that in depancreatized dogs 
maintained with insulin there was an increase in fat content of 
the liver and also in cholesterol content, particularly in cholesterol 
esters. When raw pancreas was given, neither of these effects 
was observed but the blood cholesterol was raised. This action 
of raw pancreas suggested the possibility that lipocaic might affect 
cholesterol metabolism. 

Series X--By means of the Schoenheimer and Sperry technique 
(12), the amount of cholesterol in the crude fatty acid fraction of 
the liver and body was determined. A number of cholesterol 
determinations have been made and, in all series, two general 
trends have been in evidence. Administration of the liver frae- 
tion has caused increases in the amounts of cholesterol in the 
liver and in the body. Animals fed pancreatic extract have a 
small amount of cholesterol in the liver. The results of one series 
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only are given (Table III). Neither the basal diet nor the liver 
fraction contains cholesterol. It would seem likely that the 
increased amount was due to synthesis, since the quantities in 
both liver and body were increased. It will be noted that, under 
the conditions we have used, choline had no effect upon the 
amount of cholesterol in the liver, whereas lipocaic had. Rice 
polish concentrate and yeast also caused a reduction in liver 
cholesterol. 


Properties of Liver Constituent Influencing Fat Synthesis 


Preliminary work on the fractionation of the liver extract indi- 
cates that at least two constituents are involved in producing the 


Taste III 
Alterations in Cholesterol Content 


Total cholesterol in Total crude fatty 


Supplements oside in 
Liver Body Liver | Body 
None, 3 wks. depletion.... 1 35 56 | 798 
Geeeee...........5: tL. Bee 7 62 | 119 2213 
ON 5 558 cen sveneneds 40 91 | 786 | 3969 
= ts + lipocaic (0.3 gm.) 15 108 178 | 5130 
“a ” + choline (50 mg.) 44 7 =#6| «799 3393 


All rats received thiamine, choline, riboflavin, and vitamin Bs during the 
supplement period. 


changes in amount of fat and in body weight. The factor re- 
sponsible for production of fatty livers is heat-labile, can be 
adsorbed on fullers’ earth and eluted with hot ethyl alcohol, is 
soluble in water, ethyl alcohol, acetone, and insoluble in amyl 
alcohol. The growth factor is similarly adsorbed and has the 
same solubilities but is heat-stable. 


DISCUSSION 


The feeding of a liver fraction to rats on a fat-free diet causes 
a marked synthesis of fat, as evidenced by an increase in both liver 
and body fat. The failure of large doses of choline to prevent the 
fatty liver caused by administration of the liver fraction suggests 
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that the character of the fat in the liver is different from that 
found in the fatty liver caused by feeding a diet containing thia- 
mine but low in choline; it has been shown by one of us (13) that 
the thiamine type of fatty liver is easily prevented or cured by 
small doses of choline. We are unable at present to describe 
the type of fat present in the fatty liver produced by feeding the 
liver fraction other than to note that it contains an increased 
amount of cholesterol. 

The action of lipocaic in preventing fatty livers of this special 
type indicates that it contains a lipotropic factor other than 
choline. A similar effect was caused by rice polish concentrate 
and by brewers’ yeast but evidence is not available that the same 
factor is responsible in each case. It is now clear that at least 
three kinds of alimentary fatty liver can be produced: by feeding 
a thiamine-rich, low choline diet; by feeding cholesterol; and by 
feeding a liver extract. The different responses of these fatty 
livers to various lipotropic agents may explain the apparently 
discrepant results which have been reported with regard to the 
action of lipocaic. The choline and protein present in the lipo- 
caic preparation which we have used would account for its lipo- 
tropic action on the thiamine type of fatty liver, as has been shown 
by Best and Ridout (9), but these constituents are not responsible 
for the effects which we have observed. 

While the type of fatty liver caused by liver extract is prevented 
by lipocaic, we are not in a position to say that it is similar to the 
fatty liver found in depancreatized dogs, nor that the effects of 
lipocaic in the two cases are due to the same constituent. The 
results secured with rice polish concentrate and yeast suggest 
that the lipotropic activity of pancreatic extract which we have 
observed is not due to a hormone. The lipotropic effect is asso- 
ciated with, or due to, a reduction in liver cholesterol. 

Blatherwick and associates (14) reported the production of fatty 
livers in rats by the feeding of whole liver or of several liver frac- 
tions. In their investigations the amounts of cholesterol esters 
and of neutral fat in the livers were increased. When whole liver 
was fed, the increase in cholesterol esters may have been caused 
partly by the ingestion of the cholesterol contained in the liver, 
as these workers pointed out. That explanation was not likely 
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to be true for some of the fractions which they tested and they 
concluded that beef liver contains a water-soluble substance which 
causes fatty livers when fed to rats. While they did not use a 
fraction similar to that which we have employed, our results 
definitely support their conclusion. The fraction which we have 
used contains no cholesterol. Blatherwick et al. found that the 
administration of large amounts of choline failed to prevent the 
fatty livers; our results in this respect also are in complete agree- 
ment. However, in our experiments, the fatty livers resulted 
from a synthesis of fat, whereas dietary fat was supplied in the 
experiments of Blatherwick and associates. 

Recently Engel and Phillips (15) have described the production 
of fatty livers in rats by thiamine administration. The basal 
diet used by them contained a liver fraction as a source of factor W. 
The fatty livers which they reported were similar to those found 
in the present investigation in that they were not prevented by 
choline. It seems likely that Engel and Phillips would have 
secured the thiamine type of fatty liver (preventable by choline) 
if the liver fraction had been omitted from the basal diet. 

It is not possible at present to draw any conclusions regarding 
the constituents of the liver fraction which cause fatty livers by 
increasing the synthesis of fat. The fraction contains many sub- 
stances other than pantothenic acid and factor W. Preliminary 
results secured with preparations from the liver fraction suggest 
that at least two constituents may be responsible for the observed 
effects. The effect of the fraction upon the body weights of rats 
was comparable to that secured by Elvehjem, Koehn, and Oleson 
(5) in their studies of factor W, but chemical evidence indicates 
that factor W may not be concerned. 


SUMMARY 


The administration of a crude liver fraction to rats causes 
marked synthesis of fat and the development of fatty livers highly 
resistant to the lipotropic action of choline. There are coincident 
increases in the amounts of cholesterol in the liver and body, ap- 
parently as a result of synthesis. The increase in fat and 
cholesterol in the liver can be prevented by feeding a pancreatic 
extract (lipocaic), rice polish concentrate, or brewers’ yeast. 
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FATTY ACIDS SYNTHESIZED BY THE ACTION OF 
THIAMINE* 
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(From the Department of Chemistry, University of Pittsburgh, Pittsburgh, and 
the School of Hygiene, University of Toronto, Toronto, Canada) 


(Received for publication, April 26, 1940) 


Fat which has been synthesized by rats from carbohydrates is 
characterized by the presence of large amounts of Cy, fatty 
acids (1). In such synthetic depot fat, the total Cys acids con- 
stitute 40 to 45 per cent of the total mixed acids. The value for 
the Ci. acids is approximately 25 per cent when fat is present in 
the animal’s diet and is being deposited directly. A particularly 
striking increase is noticed in the proportion of palmitoleic 
(A®"-hexadecenoic) acid in the synthetic fat. On a molar 
basis, the values for this component are usually about 15 per cent 
in the synthetic fat, compared with 3 to 4 per cent when the 
animal is ingesting fat rather than synthesizing its depot fat 
entirely from non-lipid sources. 

The production of fat from carbohydrate in the presence of 
thiamine was demonstrated by McHenry (2) who showed a 
marked increase in liver fat in young rats when the vitamin was 
added to a basal diet low in choline and fat-free. Subsequent 
studies (3) showed that thiamine, as a supplement to basal rations 
which were deficient in vitamin B,, caused an increase in the 
amount of total fatty acids in both rats and pigeons. These 
results strongly supported the hypothesis advanced by McHenry 
(4) that “vitamin B, is necessary for the synthesis of fat from 
carbohydrate.” 

The present test of the above hypothesis of thiamine action was 


* A preliminary report of these data was presented at the meeting of the 
American Chemical Society at Cincinnati, April, 1940. The investigation 
was aided by a grant from the Buhl Foundation. 
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suggested by the earlier evidence that synthetic fat may be char- 
acterized by the quantitative determination of the component 
fatty acids. If thiamine is required for the synthesis of fat from 
carbohydrate, then the high amounts of Cy acids characteristic 
of synthetic fat should not be found when animals ingest a high 
carbohydrate ration containing neither fat nor a source of thi- 
amine, but they should appear quickly following thiamine ad- 
ministration. 


EXPERIMENTAL 


Young albino rats of the Wistar strain reared in the Connaught 
Laboratories were employed. They were fed a stock ration 
(Toronto Elevators Company Fox Chow) from weaning to the 
start of experimental feeding. When they had grown to an 
average weight of 88 gm., they were fed a diet free of fat and 
without the vitamin B complex or choline. It was low in casein 
to reduce the lipotropic effect similar to that of choline. The 
ration had the following composition, in per cent by weight, 
casein 10, cane sugar 84, salt mixture (Steenbock-Nelson, Salts 
40 (5)) 4, agar-agar 2, cod liver oil concentrate 0.015. 

98 rats were maintained on this diet for 20 days. At the end 
of this time when the average body weight was 68 gm. 50 of the 
animals were killed by stunning and the remaining forty-eight 
rats were continued on the basal ration supplemented with 12.5 
micrograms of thiamine chloride (Merck) per rat per day for 12 
days and then killed. During these 12 days the average weight 
increased to74 gm. The livers from each group were immediately 
removed and placed in acetone. The other organs and the 
complete gastrointestinal tract were removed from each carcass. 
The various lipid fractions desired for analysis were obtained from 
the livers and the finely ground carcasses by methods described 
previously (1). Tables I and II show the amounts and general 
characteristics of the resulting material. 

In an experiment carried out similarly to the above it was 
found that the maintenance of rats on the basal ration for 4 
weeks caused a depletion of fat coincident with the decrease in 
body weight. The iodine number of the total fatty acids of the 
residual fat was greater than the value found at the beginning of 
the experiment. The changes in body weight, liver and body fat, 
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and in iodine numbers are given in Table III. It should be noted 
that such increases in unsaturation of the acetone-soluble lipids 
were not obtained in earlier studies when body fat was depleted 
by fasting (1, 7). 


TABLE I 
Amounts of Lipids Obtained 


Source and type of lipid a> som) i * wae 
gm. per | gm. per gm. per | gm. per 
gm. 100 gm. | 100 gm. gm. 100 gm. 100 9m. 
rat liver rat liver 
Carcass 
Total lipids 52.41 1.54 121.30 3.42 
Acetone-soluble lipids 41.94 | 1.23 110.91 3.12 
Liver 
Total lipids 4.84 3.10 16.59 8.90 
** fatty acids.... 3.40 2.18 14.22 7.60 
TABLE II 
General Characteristics of Depot and Liver Lipids 
Saponi- Lead salt separation of mixed 
Lipids fication Iodine fatty aci 
equiva- No.* 
lent Solid acids | Liquid acids 


gm. percent gm. per cent 


Depot acetone-soluble lipids 
Vitamin B complex-deficient 
group....... 319.0 74.9 | 8.40 25.0 25.23) 75.0 
Thiamine-treated animals 292.7 | 60.0 (29.41 | 32.8 | 60.28 67.2 
Total liver lipids 
Vitamin B complex-deficient 
group 308.2 79.4 | 0.89 | 30.2 | 2.06) 69.8 
Thiamine-treated animals 289.5 64.2 4.80 | 35.3) 8.81) 64.7 


* Rosenmund-Kuhnhenn method (6). 


The fatty acids from the acetone-soluble portion of the body 
lipids and the total acids from the liver lipids were both qualita- 
tively and quantitatively analyzed by the ester distillation 
procedure. Initial resolution of the mixed acids as soluble and 
insoluble lead salts in aleohol was accomplished by a modified 
Twitchell method (cf. (8)). Neutral methyl esters were pre- 
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Duration of 
depletion 
period 


days 


At start 
7 
14 
21 
28 


TaBLe III 
Body and Liver Fat Changes during Depletion Period 


TABLE IV 


Fatty Acid Synthesis by Thiamine 





Iodine No. of total fatty 


Average body Total fatty acids 
weight 
(10 animals 
Liver Body Liver 
gm. per 100 gm. per 100 
_— gm. liver gm. rat 
104 3.4 7.7 90 
93 4.6 5.4 73 
S4 5.1 4.0 86 
75 4.9 2.4 103 
62 2.6 1.6 104 


acids 


Body 


72 


78 


94 


Composition of Fatty Acids of Rat Carcass Glycerides and Liver 


Acids 


Myristic 
Palmitic 
Stearic 
Arachidic 


Tetradecenoic 


Hexadecenoic 
Oleic 

Linoleic 
Arachidonic 


Totals 
Cu 
Cis 
Cis 
Cro 


Saturated 
Unsaturated 


pared and fractionally distilled 
described previously (1). 


Carcass glycerides Liver 
Vitamin B Thiamine- Vitamin B Thiamine- 
com plex-defi- treated com plex-defi- treated 
cient animals animals cient animals animals 
weight molar weight molar weight molar weight molar 
percent percent percent percent percent percent percent percent 
2.7 3.2 0.9 1.0 l l l l 
20.6 21.9 | 27.4 | 29.6 18 20 27 29 
6.2 6.0 3.5 3.3 3 3 3 3 
2.6 2.3 2.3 1.9 3 3 l l 
1.2 1.5 0.5 0.6 
4.9 5.3 |} 10.5 | 11.1 5 5 14 15 
54.3 | 52.5 | 50.9 | 48.7 50 49 48 46 
5.6 5.6 3.2 3.1 Ss 8 2 2 
1.9 1.7 0.8 0.7 12 11 4 3 
3.9 4.7 1.4 1.6 | 1 | l 
25.5 | 27.2 | 37.9 | 40.7 23 25 40) 44 
66.1 | 64.1 | 57.6 | 55.1 61 60 53 51 
4.5 4.0 3.1 2.6 15 14 5 4 
32.1 | 33.4 | 34.1 | 35.8 25 27 32 34 
67.9 66.6 65.9 64.2 75 73 68 66 
through Column 15-Ag as 


As usual, the quantitative composition 


of the various ester fractions was established by direct evidence 
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(the formation of characteristic derivatives or the isolation of the 
acid itself) except in the case of the tetra- and hexadecenoic acids. 
Indirect evidence for the occurrence of the Cy and Cy monoun- 
saturated acids was obtained by oxidizing ester fractions suspected 
from their equivalent weights and iodine numbers to contain the 
Cy and Cy. saturated and unsaturated components (9). In each 
case, the unoxidized saturated esters were found to have almost 
exactly the same equivalent weight as the original ester mixture 
taken for oxidation. It follows that the unsaturated esters must 
have had the same carbon chain length as the saturated esters, 
namely Cy and Cy. The quantitative composition of each ester 
fraction was calculated from the weights of the individual fractions 
and their respective analytical constants, saponification equiv- 
alent and iodine number. From these values and the percentage 
of acids obtained as “‘solids’’ and “liquids” in the lead salt separa- 
tion of the mixed acids, the percentage composition of the mixed 
acids follows directly. The distribution of acids in the glyceride 
(acetone-soluble) portion of the depot lipids and the values for 
the total liver acids are given in Table IV. 


DISCUSSION 


The data presented above furnish considerable evidence that 
fat synthesis resulted as a direct effect of feeding thiamine. 
Body stores of fat were utilized, apparently without synthesis, 
during the depletion period when animals were maintained on a 
high carbohydrate diet lacking in the B vitamins. Fat synthesis 
followed the thiamine administration immediately, however, as 
was indicated by the rise in both the body and liver fat and the 
marked change in fatty acid composition. The high amount of 
Cy acids (40.7 per cent) previously noted as characteristic of 
synthetic fat provides unmistakable evidence of the process 
stimulated by thiamine. 

During the period when thiamine was fed, forty-eight animals 
gained an average of 6 gm. The acetone-soluble portion of the 
depot lipids accounted for approximately 25 per cent of this in- 
crease (1.47 gm. per rat more in the thiamine-treated group than 
in the non-treated group). In terms of total fatty acids per 100 
gm. of rat body weight, the gain was 1.81 gm. The absolute 
increase for the major component fatty acids may be obtained 
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by difference from the values recorded in Table V. The figures 
in this table were calculated from the data given in Tables I, I, 
and III for the acetone-soluble lipids, their equivalent weights 
being corrected for the unsaponifiable material and the percentage 
composition by weight of the respective fatty acids. 

The fatty acid analyses show a marked difference in com- 
position between the body fat from the deficient animals and those 
subsequently given thiamine. All of the acids changed somewhat 
in proportion but the significant change appears in the C4 acids, 
palmitic and hexadecenoic acids. Together, the molar ratios of 
these acids have been raised from 27.2 to 40.7 per cent with the 
thiamine treatment. This is regarded as evidence that fat was 


TABLE V 


Major Fatty Acids in Carcass Glycerides per 100 Gm. of Rat Body Weight 


Viamin B complex- Thiamine-treated 


deficient group animals 
Acids (equivalent weight (equivalent weight 

of glycerides = of glycerides = 
290.5) 281.8) 
gm. gm. 
Total acids 1.06 2.87 
Palmitic 0.22 0.79 
Hexadecenoic , 0.05 0.30 
Oleic 0.58 1.46 


synthesized only when thiamine was present in the diet. It would 
appear that the Cj. fatty acids are involved either as intermediates 
or end-products in the biological synthesis of fat from carbohy- 
drate or protein and that thiamine is an agent capable of bringing 
about intermediate stages in such conversions. The close simi- 
larity of the liver fatty acids with those present in the depots may 
mean that the liver is the seat of such transformations in vivo. 
This view is substantiated by the proportionately greater increase 
in liver fat, as compared with the increase in body fat. The wide- 
spread occurrence in nature of Cis fatty acids, and indeed the 
synthesis of them in the experiments reported here, makes it neces- 
sary that any conception of the mechanism of fat synthesis from 
non-lipid sources include them. 














Longenecker, Gavin, and McHenry 699 


SUMMARY 


The molecular distribution of the fatty acids in body and liver 
fat of thiamine-deficient and thiamine-treated rats has been 
studied. 

When young rats were taken from a ration containing fat 
(Fox Chow) and fed for 3 weeks on a vitamin B complex-deficient 
ration which was free of fat, they lost fat gradually from their 
body stores. An increase in the iodine numbers of the total 
lipid fatty acids but not in the acetone-soluble lipids in both the 
body and liver was observed during the depletion period. Addi- 
tion of 12.5 micrograms of thiamine daily to the basal ration 
during a subsequent 12 day period caused a rapid deposition of 
fat in the body. The liver fat was also markedly increased 
owing to the absence of dietary choline. The total acetone- 
soluble lipids of a group of forty-eight young rats increased from 
40.3 to 110.9 gm. following thiamine treatment. Expressed in 
terms of fatty acids per 100 gm. of body weight, the increase due 
to thiamine was 1.81 gm. of which 49 per cent was due to oleic 
acid, 32 per cent to palmitic acid, and 14 per cent to hexadecenoic 
acid. The synthetic fat was characterized by an increase in the 
Cys acids from 25 to 41 per cent (molar basis) of the total mixed 
acids. 
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THE PREPARATION OF CELLOPHANE MEMBRANES OF 
GRADED PERMEABILITY 
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(From the Department of Medicine, School of Medicine, Western Reserve 
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In studies of osmotic pressure of colloidal solutions, and in the 
determination of molecular size by filtration, it is necessary to use 
membranes of known porosity, and desirable to be able to obtain 
such membranes regularly and cheaply. Cellophane as formerly 
made was permeable to small quantities of serum protein, but the 
present product is not. However, McBain and Steuwer (1) 
found that immersion of cellophane in zine chloride solutions 
of varying concentration would alter its permeability, and they 
studied the effect of dilution of electrolytes, varying pressure, etc., 
on ultrafiltration. In the present work this effect has been re- 
studied and extended by calculation of the pore size of the mem- 
branes obtained, and the filtration patterns of certain protein and 
carbohydrate materials have been determined. 


Materials and Methods 


Plain transparent No. 300 cellophane was immersed in zine 
chloride solutions (90 to 120 gm. per 100 cc. of solution) for 15 
minutes at 25°. The zine chloridesolution was then decanted, 
and the membrane washed in running tap water for about 30 
minutes. After it was washed, no zinc chloride remained. 

The ultrafilters were made of brass, and coated internally with 
paraffin. The membrane was supported on several layers of 
filter paper. Distilled water was used to determine rate of flow, 
measured as the volume filtered in a measured time, under constant 
pressure. Temperature was noted at each observation and 
viscosity determined from standard tables. 

Membrane thickness was determined by an apparatus similar 
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to that described by Krogh (2), with a calibrated ocular microm- 
eter. Ten readings were taken on each membrane, and the 
mean computed. 

The water content of the membranes was determined by weigh- 
ing a portion of known area both in the wet state and after drying 
for 24 hours at approximately 25° (the humidity being approxi- 
mately 30 per cent). 

Crystalline egg albumin was prepared by the method of Hopkins 
and Pinkus (3), hemoglobin by the method of Bourdillon (4). 
Proteins were determined in triplicate by Howe’s method (5), 
hemoglobin photometrically by Heilmeyer’s method (6). Sodium 
arabinate was determined by precipitating it with ferric chloride 
and ethyl alcohol and drying to constant weight. 


Measurement of Porosity 


Several investigators (7-10) have shown that collodion and 
cellophane membranes behave like a series of small capillaries 
when water is allowed to flow through them; in other words, their 
porosity may be calculated by the application of Poiseuille’s law, 
which Elford (11) has expressed as follows: 


r = 2l J/: 2qn/ pu 


when r is the pore radius in cm. (usually expressed in my), | the 
thickness of membrane in em., g the rate of flow of water (cc. per 
sq.cm. per second), n the coefficient of viscosity of water, p the 
pressure applied in dynes per sq.cm., and v the total pore volume 
(= difference between wet and dry weights of membrane per 
sq.cm.). 

Fig. 1 shows the calculated average pore diameter of cellophane 
membranes treated with various concentrations of zine chloride 
solutions under constant conditions of temperature. A similar 
range of porosity may be produced by using a constant concentra- 
tion of zine chloride solution but varying temperatures, the 
porosity increasing as the temperature increases. 

The figures obtained from the application of Poiseuille’s law 
cannot be regarded as absolute for several reasons: (1) the pores 
of altered cellulose are probably slit-like in cross-section rather 
than circular (12); (2) the capillary length, 1, is assumed to be 
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equal to the thickness of the membrane, whereas it is probably 
longer; (3) the total volume of pores is taken to be equivalent to 
the water content, but this assumes that there are no blind or 
intersecting passages. However, the law does provide a means 
of estimating the relative permeability of membranes and the 
relative size of colloidal molecules, and experience has shown that 
these factors do not introduce a very large element of error. 


|) 


| 
| 
} 


0.5 + 


9 95 ‘100 “5 ~~ i105" ~~ 120 
CONCENTRATION 2nCi,% 


Fic. 1. Calculated average pore diameter (APD) in my of membranes 
treated in zine chloride solutions of varying concentration. Pressure 
applied, 500 mm. of mercury; water temperature 25°; zine chloride solu- 
tions at 25°. 


Physical Alterations and Properties of Membranes Treated with 
Zine Chloride Solutions 


Thickness —No. 300 cellophane swollen in water has a thickness 
of approximately 0.004 cm. Soaking it in increasing concentra- 
tions of zine chloride solutions causes an increase in the thickness 
of the membrane, the most porous (pore diameter 80 my) being 
0.0195 em. thick. 

Water Content—The ratio of the difference between wet and 
dry weights of a membrane and its wet weight has been termed 
specific water content by Elford and Ferry (13), and ideally 
should approach 1.0. Altered cellophane membranes have a 
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specific water content of 0.65 to 0.94, whereas collodion membranes 
within a similar range of porosity have a specific water content 
of 0.41 to 0.87 (Elford and Ferry). The higher the specific water 
content, the less possibility is there for the existence of blind and 
non-intersecting pores. 

The altered cellophane membranes appear to dry merely by 
losing water from the interstices, since the rate of drying is pro- 
portional to the original water content. Table I shows measure- 
ments made on a series of membranes of similar area but varying 
porosity; the ratio between time of drying and total water content 
is fairly constant. 

Filtration Pressure—The rate of flow of water was proportional 
to the pressure used, between 100 and 500 mm. of mercury. Pres- 


TABLE I 


Water Content of Membranes of Similar Area but Varying Porosity 


' ‘ Time 
Total water content Time of drying Cites ankens 
mg. min. 
170 34 0.200 
404 8S 0.218 
435 86 0.198 
1257 228 0.181 


sures must be of this magnitude in the smaller porosity ranges in 
order to secure an adequate volume of filtrate. No differences 
in the thickness of the membranes were noted before and after 
filtration. 

Adsorption of Protein——Hitchcock (14) showed that collodion 
membranes adsorb weighable amounts of egg albumin. A number 
of membranes of 30 my porosity and 50 sq.cm. area were immersed 
in solutions of 1.45 per cent crystalline egg albumin at isoelectric 
pH, and in normal human serum; after 24 hours the membranes 
were removed, washed with distilled water, and the total nitrogen 
determined by the Kjeldahl method. The maximum amount 
found in any membrane was 0.51 mg. of protein, a negligible 
quantity. 

Autoclaving—Autoclaving for 20 minutes at 15 pounds pressure 
at 120° causes essentially no change in porosity. 
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TABLE II 


Filtration Patterns of Colloidal Solutions 


i Experiment I. Crystalline egg albumin; 1 per cent solution at pH 5.70; pressure, 500 mm. 
Hg; effective area of filter, 19.7 sq.cm. 


- Approximate time necessary 
Per cent of original concentra- to attain constant coneentra- 


Pore diameter a S 
tion in ultrafiltrate tion in ultrafiltrate 
mu min. 
2.98 0 
4.03 68 110 


5.47 100 80 


Experiment II. Hemoglobin; 0.5 per cent solution at pH 6.60; pressure, 500 mm. Hg; 
effective area of filter, 19.7 sq.cm. 


3.28 0 
5.90 52 120 
8.10 100 80 


Experiment III. Human serum; diluted 1:7 in 0.85 per cent saline; no observations 
recorded concerning filtration time 


Per cent of original concentration in ultrafiltrate 


Pore diameter x : x Lee rom 
Globulin 


t 


Albumin 
' mu 
4.23 12.6 0 
5.44 31.5 0 
5.66 40.0 18 
12.00 56.0 47 
55.0 65 


17.07 


Experiment IV. Sodium arabinate; used to ascertain effects of changes of pH and electro- 
lyte concentration on filtrability; concentration of gum, 3.9 gm. per cent; membrane 
porosity, 17 ma; effective area of filter, 99.4 sq.cm.; pressure, 500 mm. Hg 


Approximate time 


P {original con-  necessar in con- 
Solution No. inte r trafiltrate ‘stant a ben ty 
ultrafiltrate 
arta yeh Bit min. 
1. Water, pH 4.23 2 14 
” “* §.35 13 17 
" ** 11.60 0 
2. 2% NaCl, pH 4.08 18 17 
—" “ 4.68 20 15 


5% “ “ 6.70 | 46 13 
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Reproduciility—Standard solutions of zine chloride at constant 
temperature will produce membranes of known porosity, up to 
12 mu; there is some variation in porosity with pore sizes greater 
than this. 

Storage—Membranes after calibration can be kept unchanged 
indefinitely if soaked in 50 per cent glycerol and dried (McBain 
and Steuwer). 


Filtration Behavior of Selected Colloids 


Ferry (15) pointed out that an ultrafiltrate may be less con- 
centrated than the original solution because (a) the disperse phase 
may be adsorbed; (b) the disperse phase may block the pores; (c) 
the larger particles of the disperse phase may be mechanically 
retained—sieving. The sieving effect is the desired objective in 
ultrafiltration. Furthermore, when a colloid is being filtered, the 
concentration of the disperse phase in the ultrafiltrate must 
attain a constant level for the result to be acceptable. Optimal 
conditions for ultrafiltration are obtained when the concentration 
of the disperse phase is high, the total pore area relatively low, 
and isoelectric pH is avoided (Ferry). These factors all tend 
to lessen adsorption, a potent factor in the use of collodion mem- 
branes but probably negligible with cellophane. 

Filtration patterns of a number of colloidal solutions were 
determined. Protocols of a number of typical experiments are 
presented in Table II. 


SUMMARY 


A method is described for the preparation of cellophane mem- 
branes of predictable pore size. It was found that the difference 
in pore size of membranes which allowed no passage of egg albumin 
and those which allowed complete filtration was very small. The 
same statement applies to hemoglobin solutions. This facet, 
according to Ferry, is an excellent criterion both for membrane 
isoporosity and molecular homodispersion. On the other hand, 
the range of pore sizes required for the filtration of the proteins 
of human serum was quite large, the data supporting the concep- 
tion that human serum protein is a heterodisperse system. 
Changes in pH and in salt concentration were found to affect 
the filtrability of sodium arabinate markedly. 
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Cellophane membranes of graded porosity can easily and quickly 
be prepared by the use of zine chloride solutions. These mem- 
branes, which are isoporous and reproducible, are suitable for 
ultrafiltration and fractional ultrafiltration of solutions of small 
colloidal molecules. 
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INFLUENCE OF IODOACETIC ACID ON SULFUR METAB- 
OLISM. GROWTH STUDIES IN THE YOUNG RAT* 


By ELIZABETH SIMON STEVENSON? ann ABRAHAM WHITE 


(From the Laboratory of Physiological Chemistry, Yale University 
School of Medicine, New Haven) 


(Received for publication, April 26, 1940) 


The extensive experimental use of iodoacetic acid for altering 
normal reactions has disclosed suggestive relationships between 
this compound and certain substances containing the sulfhydryl 
group. lIodoacetic acid inhibition of methylglyoxalase is reversed 
by the tripeptide glutathione, or by cysteine (1); the poisoning 
effect of iodoacetic acid on the carbohydrate metabolism of brain 
tissue can be almost completely prevented by the addition of 
glutathione or cysteine (2); inhibition of development of sea 
urchin eggs, produced by iodoacetic acid, may be overcome and 
growth reinitiated under the influence of sulfhydryl (3). These 
experiments and many others strongly suggest that a portion of 
the effect produced by iodoacetic acid in many systems may be 
explained on the basis of a combination of the halogen-containing 
acid with sulfhydryl, a reaction which has been demonstrated to 
occur in vitro (1, 3, 4) and which may be represented as follows: 
R—SH + ICH,COOH—R—SCH,COOH + HI. 

In view of the evidence suggesting a reaction between sulfhydryl! 
and iodoacetic acid, the present study was initiated to examine the 
influence of iodoacetic acid on the reactions in the living organism 
which involve sulfur-containing compounds. It has previously 


* This investigation was aided by a grant from the Fluid Research Fund 
of Yale University School of Medicine. 

A preliminary report was presented before the American Society of 
Biological Chemists (Simon, E. E., and White, A., Proc. Am. Soc. Biol. 
Chem., J. Biol. Chem., 123, p. cix (1938)). 

t The data of this paper are taken from a portion of a dissertation pre- 
sented by Elizabeth Simon Stevenson as partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy, Yale University, 1939. 
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been demonstrated that a wide variety of organic compounds 
inhibits the growth of young rats subsisting on a diet of relatively 
low content of sulfur-containing amino acids (5, 6). The data 
obtained have led to the suggestion that these growth-inhibiting 
substances exert their effect by imposing on the organism an 
abnormally high demand for the sulfur-containing amino acids 
for detoxication mechanisms. Thus the organism is deprived 
of essential elements required for the synthesis of the new tissue 
necessary for growth. 

With a similar experimental approach, a study has been made 
of the effect of iodoacetic acid on the growth of the rat. The 
influence of various supplements on the inhibited growth rate 
has been determined. 


EXPERIMENTAL 


Male rats, at weaning, were placed in individual cages and fed, 
ad libitum, a basal diet having the following composition: casein! 
6, starch 50, lard 24, sucrose 15, cod liver oil 1, and salt mixture® 
4 percent. In addition, each animal received a daily supplement 
of 400 mg. of dried yeast. When the animals had reached a body 
weight of approximately 75 to 85 gm., 100 mg. of iodoacetic acid‘ 
were incorporated into each 100 gm. of the basal diet. Growth 
was immediately inhibited. After the animals had subsisted 
for at least 4 weeks on the iodoacetic acid-containing diet, a 
supplementary compound was incorporated into the ration already 
containing iodoacetic acid. The supplementary compounds and 
the amounts of each incorporated singly into each 100 gm. of the 
iodoacetic acid-containing basal diet were /-cystine (360 mg.), 
l-cysteine hydrochloride (470 mg.), dl-methionine (450 mg.), 
dl-homocystine (402 mg.), d-cystine (360 mg.), taurine (375 mg.), 
anhydrous sodium sulfate (426 mg.), and /-phenyluraminocysteine 
(717 mg.). The l-cystine was obtained from hair; l-cysteine hydro- 
chloride was prepared by reduction of l-cystine (8); dl-methionine 
was obtained from the Organic Chemical Manufactures Division, 


' Casein No. 453, Casein Company of America. 

2 Osborne and Mendel salt mixture (7). 

’ Northwestern Yeast Company. 

‘Eastman Kodak Company product, recrystallized from warm petro- 
leum ether until a melting point of 81-82° (uncorrected) was obtained. 
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University of Illinois. The dl-homocystine was prepared from 
di-methionine by the method of Butz and du Vigneaud (9), with 
the modification suggested by Brand, Cahill, and Block (10). 
Optically pure d-cystine was obtained by resolution of dl-cystine 
(11); taurine was prepared by decarboxylation of cysteic acid 
(12); l-phenyluraminocysteine was obtained by the reduction of 
l-diphenyluraminocystine with thioglycolic acid, with subsequent 
purification by repeated precipitation from ethyl acetate solution 
by the addition of 5 volumes of petroleum ether. Analysis for 
sulfhydryl sulfur indicated that 75 per cent of the isolated product 
was in the reduced form. 

A second group of supplements was injected subcutaneously 
into animals ingesting the growth-inhibiting, iodoacetic acid-con- 
taining basal diet. Solutions of l-cysteine hydrochloride (38 
mg. per rat per day), dl-methionine (36 mg. per rat per day), and 
glutathione (56 mg. per rat per day) were made immediately prior 
to injection, each solution being adjusted to approximately pH 
7 with 0.1 N sodium hydroxide. Solutions of thioglycerol, ribo- 
flavin, and riboflavinphosphoric acid were made in quantities 
sufficient for not more than 1 week. 20 mg. of thioglycerol, and 
40 y each of riboflavin and of riboflavinphosphoric acid were in- 
jected daily. Glutathione was obtained from Hoffmann-La 
Roche, Inc.; thioglycerol (60 per cent solution in glycerol) was 
kindly furnished by the Abbott Laboratories, Chicago. Ribo- 
flavin was obtained from the 8S. M. A. Corporation, Cleveland. 
Riboflavinphosphoric acid was synthesized from riboflavin by the 
method of Kuhn and Rudy (13). All of the compounds employed 
were analytically pure. The required quantity of each of the 
injected supplements mentioned above was contained in an ad- 
ministered volume of 0.5 ce. The effect of cortin supplements 
was determined by injection of 1 cc. of a cortin solution (Upjohn) 
three times daily. The quantity of cortin administered is suf- 
ficient to maintain an adrenalectomized animal in a healthy con- 
dition. 

Results 


A summary of the average daily weight changes and food 
consumptions under the various dietary conditions of the study 
is given in Table I and representative graphs illustrating the 
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growth rates of the animals are presented in Figs. 1 to 3. The 
data show the inhibitory effect on growth resulting in young rats 
weighing about 80 gm. when iodoacetic acid is incorporated into 


TABLE | 
Summary of Average Weight Change and Average Food Consumpiion of 
Animals Receiving Basal Diet and Various Types of Supplements 


Average 
No. of Average daily 
food 


Designation animals daily 


or Fig Tod | git | Sees | oe 
tion 
gm. gm, 
Basal C-6 83 +1.8 6.8 
‘¢ + iodoacetic acid I 95 0.0 3.6 
‘« + injected iodoacetic acid I’ 8 | +0.3 5.3 
. " “ +4 in-| I'-CH’ | 3 | +1.5 | 5.7 
jected cysteine 
lodoacetic acid-containing basal diet + 
each of the following growth-promot- 
ing supplements 
Dietary /-cystine I-IC 14 | +1.0 5.5 
- l-cysteine hydrochloride I-CH 7 | +1.3 7.2 
Injected - I-CH’ 17 | +1.0 | 58 
Dietary dl-methionine I-M 9 | +1.1 5.4 
Injected os I-M’ 8 | +0.7 5.8 
Dietary dl-homocystine I-H 4 | +1.5 6.3 
Injected glutathione I-GSH’ 8 | +1.0 5.1 
Iodoacetic acid-containing basal diet + 
each of the following ineffective sup- 
plements 
Dietary d-cystine I-dC 5 —0.2 4.2 
” taurine I-T 5 | +0.1 4.3 
es sodium sulfate I-S 4 | -—0.4 4.0 
" l-phenyluraminocysteine I-PC 7 | -0.2 4.2 
Injected thioglycerol I-TG’ 5 | +0.2 4.1 
" riboflavin I-F’ 3 —0.05 4.0 
“t riboflavinphosphoric acid [-FP’ 6 | —0.13| 4.1 
os cortical extract I-CE’ 4 0.0 4.1 


the basal diet. This observation is similar to the finding of Laszt 
and Verzdr (14); the latter investigators succeeded in arresting 
growth by the inclusion of iodoacetic acid at a level of 1 part in 
5000 parts of diet. The addition of l-cystine to the basal diet 
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containing iodoacetic acid results in a marked stimulation of 
growth as well as an increase in food consumption. The growth- 
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Fig. 1. Typical growth results obtained on basal diet, on basal diet with 
added iodoacetic acid, and on iodoacetic acid-containing basal diet as 
influenced by various supplements. The diet employed in any portion of 
an experiment is indicated between two downward arrows representing the 
beginning and end of a period. For interpretation of the abbreviations 
designating the diets in various periods, see the second column of Table I. 
The quantities of the supplements administered are given in the text. 
The average daily food consumption in gm. for the corresponding interval 
is shown by the figures between the upward arrows. The initial and final 
body weights are presented in parentheses. 


stimulating ability of /-cystine in animals fed iodoacetic acid is 
strikingly similar to previous studies (5, 6) in which this amino 
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acid stimulated the growth of animals ingesting one of a wide 
variety of toxic, growth-inhibitory compounds. 

The experimental conditions under which iodoacetic acid stimu- 
lated growth did not preclude a possibility which might modify 
the interpretation of the observed effect. Inasmuch as both [-cys- 
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Fic. 2. For the dietary abbreviations used in this chart, see the second 
column of Table I. The other designations are the same as in Fig. 1. 





tine and iodoacetic acid were incorporated into the diet, it was 
possible that the two substances combined to form the known 
thio ether (1, 3, 4) before absorption from the gastrointestinal 
tract. In order to test this point, iodoacetic acid was fed in the 
diet, while /-cysteine’ was administered subcutaneously. Since 

5 1-Cysteine hydrochloride was used rather than l-cystine because of 


the greater solubility of the former in water. The solution was prepared 
and neutralized as described in the text. 
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the injected amino acid stimulated growth as well as did dietary 
cystine, it is concluded that the growth-promoting action of 
cystine supplements is not dependent on a preliminary combina- 
tion of iodoacetic acid with cystine prior to the absorption of 
these compounds. In other experiments, iodoacetic acid and 
l-cysteine were injected subcutaneously on opposite sides of the 
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Fic. 3. For the dietary abbreviations used in this chart, see the second 
column of Table I. The other designations are the same as in Fig. 1. 


animal further to demonstrate that the intestine, or an intestinal 
factor, does not detoxicate iodoacetic acid before absorption. 
The data in these instances were similar to those obtained with 
orally administered supplements. Young rats exhibit an extreme 
sensitivity to injected iodoacetic acid, a fact previously noted by 
Genevois and Brisou (15). After a considerable number of 
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trials, it was found that the daily subcutaneous injection of an 
aqueous solution containing 0.4 mg. of iodoacetic acid, neutralized 
to pH 7.0 with 0.1 N sodium hydroxide, produced a growth 
inhibition similar in extent to that observed with orally adminis- 
tered iodoacetice acid (1 part in 1000 parts of the diet). Cysteine 
injections under these circumstances caused a prompt resumption 
in growth, despite continued simultaneous injection of the halogen- 
containing fatty acid. It may be mentioned that rats obtained 
from different colonies, the Yale laboratory and the Connecticut 
Agricultural Experiment Station, exhibited striking differences in 
their ability to tolerate the toxic effects of injected iodoacetic 
acid. Young rats from the Connecticut Agricultural Experiment 
Station could not be employed for studies of the effects of in- 
jected iodoacetic acid, inasmuch as their growth was not in- 
hibited to any appreciable extent by the quantities of iodoacetie 
acid used to stunt animals in the laboratory colony. 

Further suggestive evidence indicating that the relationship 
between iodoacetic acid and cystine is metabolic in nature is 
seen in the restricted pathological changes found on histological 
examination. The lungs, intestine, adrenals, pancreas, and 
spleen of iodoacetic acid-fed animals exhibited no abnormalities. 
However, in the four animals examined in detail, there was present 
marked necrosis of the convoluted tubules of the kidneys; destruc- 
tion of the cellular structure had occurred with no evidence of 
regeneration. The localization of the pathological symptoms 
emphasizes the fact that the effects of iodoacetic acid observed 
in the present study cannot be accounted for by wide-spread toxic 
symptoms in the animal organism. 

The sulfur-containing amino acids dl-methionine, dl-homucys- 
tine, and /-cysteine have all been demonstrated to substitute for 
l-eystine in the conventional cystine-low diets (16-18). Further, 
methionine functions in lieu of cystine in promoting growth in 
rats stunted by a wide variety of toxic, organic compounds 
(5, 6). In animals ingesting the iodoacetic acid-containing basal 
diet, all the aforementioned sulfur-containing amino acids support 
growth as well as does cystine. In addition, glutathione, which 
had previously been found to stimulate growth in animals given 


* Acknowledgment is made to Dr. Robert Tennant, of the Department 
of Pathology, for making the histological examinations. 
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a cystine-low diet (19), and in animals stunted by naphthalene 
(20) or by methylcholanthrene feeding (5), also actively pro- 
moted growth in the present experiments. 

In contrast to the above results, the unnatural isomer of cystine 
was unable to cause growth of rats stunted by means of iodoacetic 
acid. Two explanations may be suggested. It is possible that 
d-cystine may not be readily reduced to d-cysteine, a reaction 
which might be expected to be a prerequisite for the postulated 
combination of the sulfhydryl group with iodoacetie acid. The 
failure of the organism completely to oxidize d-cystine (21) indi- 
cates that metabolism of this isomer may proceed in part along 
lines differing from those believed to predominate in the case of 
the naturally occurring isomer of cystine. A second explanation 
is based on the hypothesis of Stekol (22), suggesting that cystine 
for detoxication is drawn from the tissues. The failure of d-cys- 
tine to stimulate growth in iodoacetic acid-inhibited animals 
would thus be related to the inability of the dextrorotatory isomer 
to enter into the tissue protein as a structural component. 

The compounds /-phenyluraminocysteine, taurine, thioglycerol, 
and sodium sulfate were tested as sources of various forms of sul- 
fur. The failure of these substances to promote growth demon- 
strates that the ability to stimulate growth in animals ingesting 
the iodoacetic acid-containing basal diet is not a general property 
of sulfate or sulfhydryl sulfur, but rather depends upon the 
specific chemical requirement for cystine or methionine or both 
or for compounds yielding one or both of these sulfur-containing 
amino acids in metabolism. 

Laszt and Verzdr (14) have reported that riboflavinphosphoric 
acid was capable of stimulating growth in rats stunted with 
iodoacetic acid; riboflavin was without effect under these con- 
ditions. In the studies reported here, the growth-promoting 
properties of these two compounds were compared. The effects 
on growth rate produced by the injection of either riboflavin or 
riboflavinphosphoric acid into animals ingesting the iodoacetic 
acid-containing basal diet were practically identical (0.05 and 
0.13 gm. average daily weight decline, respectively). It is con- 
cluded that riboflavinphosphoric acid does not promote growth 
in animals ingesting iodoacetic acid under the experimental con- 
ditions employed. Laszt and Verzdr (14) also claimed that the 
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administration of a cortical extract (eucortone) was effective in 
promoting growth in iodoacetic acid-fed animals. The latter 
investigators postulated that the cortex of the adrenal functions 
antagonistically to iodoacetic acid and that an excess of the adrenal 
cortical hormone allows the organism again to resume normal 
phosphorylation processes. In the present study, however, when 
cortin was injected in an amount sufficient to maintain a com- 
pletely adrenalectomized animal in a healthy condition, no stimu- 
lus to growth was observed in rats stunted by iodoacetic acid. It 
may be pointed out that the level at which iodoacetic acid was 
fed in the present study was considerably higher (1 part of iodo- 
acetic acid in 1000 parts of basal diet) than that employed by 
Laszt and Verzar (1 part of iodoacetic acid added to 5000 parts of 
a milk-grain diet). Moreover, the latter investigators’ animals 
weighed only 50 gm. at the time that the halogen-containing acid 
was incorporated into the diet. 

The data which have been obtained support the general hypoth- 
esis (5) that the inhibition of growth produced in young rats by 
a wide variety of toxic compounds is related to the demands placed 
upon the organism by detoxication mechanisms involving either 
of the sulfur-containing amino acids, cystine and methionine. 
The detoxication requirements of the organism for these amino 
acids apparently take precedence over the needs for growth, 
and on a relatively low protein diet, with a limited supply of cys- 
tine and methionine, a wide variety of compounds may then pro- 
duce growth inhibition. The addition of either of these two sulfur- 
containing amino acids, or of compounds which may yield either 
cystine or methionine in the organism, makes available material 
for both detoxication mechanisms and for the synthesis of new 
tissue protein. Under these conditions, a prompt resumption in 
growth occurs, despite the continued presence in the diet of the 
toxic foreign compound. It is realized that convincing proof for 
this hypothesis includes the demonstration by isolation of a 
detoxication product, involving one of the sulfur-containing amino 
acids, from the urine of the experimental animal following the 
administration of the toxic substance. Evidence of this type has 
been obtained only after the administration of bromobenzene 
(22, 23), naphthalene (22, 24), and anthracene (25). 
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SUMMARY 


Growth inhibition has been produced in young rats by the addi- 
tion of iodoacetic acid to a basal diet of relatively low protein 
content. The superimposition of J/-cystine, l-cysteine hydro- 
chloride, dl-methionine, or dl-homocystine on this iodoacetic 
acid-containing basal diet results in a prompt stimulation of 
growth with a resulting weight gain comparable to that observed 
in animals ingesting the basal diet alone. Subcutaneously in- 
jected l-cysteine hydrochloride or glutathione was also capable 
of stimulating growth in animals stunted with iodoacetic acid. 
On the other hand, the addition of d-cystine, taurine, anhydrous 
sodium sulfate, or l-phenyluraminocysteine to the basal diet 
containing the iodoacetic acid did not stimulate growth under the 
experimental conditions employed. Subcutaneously administered 
thioglycerol, riboflavin, riboflavinphosphoric acid, or cortical 
extract was also without effect on the inhibited growth rate. It 
is concluded that iodoacetic acid probably imposes a specific 
demand on the organism for the sulfur-containing amino acids, 
cystine or methionine, for detoxication purposes. Either of the 
latter compounds, or compounds yielding cystine or methionine 
in metabolism, may stimulate growth in the presence of iodoacetic 
acid by fulfilling the requirements for detoxication mechanisms 
and for the synthesis of tissue protein. 
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THE EFFECT OF DEPLETION OF EXTRACELLULAR ELEC- 
TROLYTES ON THE CHEMICAL COMPOSITION OF 
SKELETAL MUSCLE, LIVER, AND CARDIAC 
MUSCLE* 
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The work of Gamble, Ross, and Tisdall (1) showed that, since 
the concentration of total base in serum tended to be held relatively 
constant, the volumes of the intracellular and extracellular phases 
of body water must be closely related respectively to the amounts 
of potassium and sodium in the body. However, both in disease 
(2) and in experimental animals (3) large losses of extracellular 
electrolyte may not be accompanied by excretion of sufficient water 
to maintain electrolyte concentrations at normal levels. When 
serum electrolyte concentrations are abnormal, indirect methods 
indicate that osmotic equilibrium is attained largely by shifts of 
water between the two phases of body fluid. However, difficulties 
(4-6) encountered in applying these simple concepts show that, 
unmodified, they are only rough approximations. Studies of the 
reactions in individual tissues are apparently necessary to clarify 
the factors controlling the metabolism of water and electrolyte. 
The present paper gives the results of the analyses of liver, heart, 
and muscle of cats subjected to experimental losses of extracellular 
electrolyte. 

Previous work has shown that increases in intracellular water 
of muscle accompany decrease in concentration of sodium in 
serum (7-10). However, it is now known that the proportion of 
potassium of muscle in relation to nitrogen and phosphorus may 
show large variations (7, 10-12) and it is now apparent that con- 


* Aided by grants from Child Neurology Research (Friedsam Founda- 
tion) and the Fluid Research Fund of Yale University School of Medicine. 
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siderable and variable amounts of sodium occur in muscle cells 
(9, 11-13). The magnitude of the shifts of water which ac- 
company changes in concentration of extracellular electrolyte is 
not known and the relation of these changes to alterations in the 
electrolyte pattern of the cell has not been systematically in- 
vestigated. In connection with the present investigation, the 
analyses of the brain showed that losses of potassium apparently 
were the chief means of attaining osmotic equilibrium between 
intracellular and extracellular fluids, disturbed by loss of extra- 
cellular electrolyte (14). Data which show the simultaneous 
changes in tissue water and electrolyte are not available for the 
heart. Although deposition of glycogen has been shown to be 
accompanied by retention of water, potassium, and sodium in the 
liver (15), but little is known of the osmotic adjustments between 
the two phases of liver water and the variations in tissue electrolyte. 
Apparently the properties of cellular membranes cannot be re- 
garded as limiting to shifts of water the response of cells to changes 
in the concentration of extracellular electrolyte. 


Procedure 


The cats were given the usual laboratory diet for at least 1 
week before the procedures to be described were carried out. 
Varying degrees of depletion of extracellular electrolyte were 
produced by the injection of 75 to 125 cc. of 5 per cent glucose 
solution intraperitoneally and subsequent removal of the fluid 
after 5 hours (3). The procedure was repeated the following day 
when more severe depletion was desired. In one group of animals 
so depleted, the fluid removed from the peritoneal cavity was 
replaced by an equal amount of 1 per cent solution of sodium sul- 
fate. This procedure was evolved after it was found that when 
sodium sulfate was not given cats did not survive the double re- 
moval of extracellular electrolyte except in rare cases. All ma- 
nipulations were carried out under nembutal anesthesia. The 
animals were killed 24 hours after the last depletion by severing 
the great vessels at the base of the heart. 

The chemical methods are given in previous publications (7, 13). 

Serum analyses are expressed per liter of serum in the case of 
potassium, and per liter of serum ultrafiltrate in the case of sodium 
and chloride. The concentration in the ultrafiltrate was caleu- 
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lated from the content of serum water and the Gibbs-Donnan 
factor of 0.96. For reasons given elsewhere (10) tissue analyses 
are expressed per 100 gm. of fat-free solids. 

The statistical analysis was carried out according to the methods 
described by Dunn (16). Significant statistical correlations 
between the various factors were checked for rectilinearity by 
spot diagrams. 

Results 

For simplicity in presentation the animals have been divided 
into four groups. Group I includes the normal animals, killed 
after a fast of 24 hours. Group II comprises the animals de- 
pleted of extracellular electrolyte. The animals in Group III 
were also depleted of varying amounts of extracellular electrolyte 
but in addition received sodium sulfate as described above. 
Group IV makes up all the animals included in the first three 
groups. 

The essential points can best be brought out by statistical 
treatment of the data. These have been summarized in Table I, 
which gives the number of animals in each group, and the means 
and standard errors of the various components of the serum and 
tissues. The last column gives the concentrations of sodium 
plus potassium in the tissue water in mm per liter. 


Changes in Serum 


The sera of the two groups depleted of extracellular electrolyte 
show certain differences. Those injected with sodium sulfate 
solution include the more severely depleted animals and con- 
sequently exhibit a greater average reduction in chloride. Sodium, 
however, is slightly higher. While the animals subjected to simple 
depletion have abnormally high concentrations of potassium, this 
is, as a rule, below the normal value in those injected with sodium 
sulfate. Presumably the oliguria and diminished glomerular 
filtration (17, 18) which develop in subjects with large deficits of 
extracellular electrolytes lead to retention of potassium when 
sodium sulfate solution is not given. However, the effect of 
sodium sulfate solution is apparently not attained solely by in- 
creasing the volume of glomerular filtration, since the non-protein 
nitrogen in Group III is definitely elevated (69 + 8 mg. per cent) 
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although not to as great an extent as in Group II (83 + 13 mg. 
per cent). The finding of abnormally low values for potassium 
in the serum, muscle, and heart of Group III indicates that the 
excretion of potassium was promoted by the excretion of sodium 
sulfate. 

Changes in Tissues 

Muscle—The concentration of tissue sodium and chloride 
decreases as the concentrations of these ions are diminished in the 
serum. The cats having a tendency to high concentrations of 
potassium in the serum (Group II) also show muscle potassium 
contents that are significantly higher than those in the control 
cats. Conversely, the group showing a tendency to low concen- 
trations of serum potassium (Group III) has significantly low 
muscle potassium. Both groups of cats depleted of extracellular 
electrolyte show significant increases in tissue water, but no 
significant difference from each other in this respect. Groups 
II and III show a decrease in the concentration of sodium plus 
potassium in tissue water but in neither case is the reduction as 
great as the decrease of sodium in the serum. Nitrogen and 
phosphorus show no significant changes. 

Liver—As in muscle, there is an increase in water and a decrease 
in chloride in the liver of the depleted animals. Moreover, in 
Group II there is a significant increase in potassium. The values 
for sodium show no change. There is an increase in nitrogen and 
phosphorus in the depleted animals of a proportionately equal 
magnitude. Although glycogen determinations were not carried 
out, presumably there was a decrease in the glycogen content of 
the livers of the depleted animals which were fasted from 24 to 48 
hours longer than the controls. Since the values are expressed in 
terms of fat-free solids, the loss of glycogen would result in higher 
values for all the other constituents. This probably explains the 
changes in nitrogen and phosphorus. It should be noted, how- 
ever, that the changes in water and potassium are too large to be 
explained on this basis. When the values are expressed with 
nitrogen or phosphorus as the unit of reference, the increases of 
water in Groups II and III and of potassium in Group II are 
equally significant. As in muscle, the decrease in the concentra- 
tion of sodium plus potassium in liver water is significantly less 
than the decrease in serum sodium. 
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Heart—In the heart, there is a decrease in sodium and chloride 
proportional to the decrease of these ions in the serum. The 
increase in potassium in Group II and decrease in Group III, as 
noted in muscle, are also evident. Unlike muscle or liver, how- 
ever, there is no significant change in tissue water. Nitrogen and 
phosphorus show relatively constant values. As in the case of 


Taste II 
Significant Correlation Coefficients between Various Constituents of Muscle, 
Liver, and Heart, and Ultrafiltrate of Serum 
Where no value appears, the correlation coefficient was not considered 
significant (less than twice the standard deviation of the coefficient). 


Group (Cl); (Na)e (H2O) (K)t | (Kye (PP): (HO) (Pie |) (Na): | (HO) | (Bt): 
No.* | [Clje | [Nale | [Nale | [Nale (Ne | (N)e (Ke | (Kye (Ke | (Nabe | (Nal 


Muscle 
I 0.76 0.73 0.62 | 0.71 
II 0.58 —0.57 0.47 0.82 
III 0.69 —0.67 0.76 
IV 0.55 0.51 —0.77 0.39 0.59 0.68 
Liver 
I 0.70 0.82 0.86 0.73 | 0.75 
II | 0.55 —0.61 0.58 0.88 0.80 0.64 0.73 
III 0.78 0.67, 0.74 0.57 | 0.68 0.72 | 0.71 
IV _§ 0.78 —0.54 0.61 0.81 0.75 0.64 0.58 
Heart 
I 
II | 0.73 0.72 0.82 
III 0.88 0.58 
IV 0.83 0.64 0.55 


* Group I normal, Group II depleted, Group III depleted and injected 
with Na,SO,, Group IV total. 


muscle and liver the concentration of sodium plus potassium in 
the tissue water is decreased in the depleted animals, but to a 
lesser degree than is the sodium in the serum. 


Correlation of Components 


The significant correlation coefficients between the various 
components of the tissues and serum in the different groups have 
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been summarized in Table II. Where no value appears, the 
respective correlation coefficient was not considered significant. 
The relationships between the various components will be de- 
scribed by means of regression equations which were determined 
from the data for the total group (Group IV) unless otherwise 
specified. In the subsequent discussion figures enclosed in 
parentheses represent tissue components and those enclosed in 
brackets, concentrations in the serum ultrafiltrate. All values 
are expressed as in Table I. The concentrations of sodium and 
chloride in the serum ultrafiltrate are understood to represent the 
concentrations of these ions in the extracellular fluid. 

Muscle. (Cl)-(Cl|,—The relationship between muscle chloride 
and the concentration of chloride in the extracellular water is 
expressed by the following regression equation, (Cl); = 
0.036[Cl]. + 1.06 + 1.08,' in which the standard error of the re- 
gression coefficient is 0.002, and of the intercept 0.13. The pres- 
ence of a significant intercept in the equation indicates that 
within the range of chloride concentrations in extracellular fluid 
found in this study (60 to 140 ma per liter) a small fraction of the 
tissue chloride does not vary directly with changes in concentra- 
tion of serum chloride. Analyses of several samples of muscle 
for red blood cells have indicated that erythrocytic chloride could 
account for only 0.05 mm per 100 gm. of fat-free solids. Manery, 
Danielson, and Hastings (19) have recently pointed out that 
connective tissue contains a relative excess of chloride over 
sodium. These authors estimate that in muscle about 1.0 mm 
of chloride per 100 gm. of fat-free solids may be associated with 
collagen rather than the ultrafiltrate of serum. This fraction of 
muscle chloride is similar in magnitude and may represent the 
non-diffusible chloride as described by the intercept in the re- 
gression equation. 

(Na) -|Na].—The relationship between muscle sodium and the 
concentration of sodium in the extracellular fluid is expressed by 
the equation (Na), = 0.059[Na], — 0.9 + 1.8, in which the stand- 
ard error of the regression coefficient is 0.012, and of the intercept 
0.15. The fact that the regression coefficient is greater than that 
of the analogous chloride equation indicates that an apparently 


1 In this, and subsequent regression equations, this value represents the 
standard deviation of predictions calculated from the equation. 
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larger volume of fluid is required to contain diffusible muscle 
sodium than diffusible chloride at concentrations of a serum 
ultrafiltrate. Evidence from three laboratories (9, 11, 13) 
indicates that a considerable and variable amount of sodium in 
muscle is intracellular. The present data support this conclusion 
and also suggest that intracellular as well as extracellular sodium 
of muscle probably varies directly with the concentration of serum 
sodium. 

(HO) -(K)., (Na):, [Na].—Muscle water varies directly with 
tissue sodium and potassium and inversely with the concentra- 
tion of sodium in the serum. The correlation of tissue water with 
tissue sodium is shown only in the normal group, and the cor- 
relation with tissue potassium is highly significant only in this 
group. In the group as a whole, the variations in tissue water 
are mainly dependent on changes in the concentration of serum 
sodium, and, as is the case in the other tissues, almost entirely 
due to variations in intracellular water. The relationships may 
be expressed in the following regression equations. 


(HO); = —1.52[Na]. + 579 + 15 
(H,O), = 3.52(K), + 190 + 22 


Since there was no correlation (r = 0.0) between [Na], and (K),, 
these two equations may be combined directly as the multiple 
regression equation (H,O), = 3.52(K), — 1.52[Na], + 411 + 14, 
in which the multiple correlation coefficient is 0.86. 

When there is little variation in concentration of serum sodium, 
such as is found in normal animals (Group I), there is a high degree 
of correlation between tissue water and tissue sodium and potas- 
sium. For the normal cats, muscle water may be predicted by 
the following multiple regression equation (H2,O), = 4.5(K),; + 
5.8(Na), + 85 + 11, in which the multiple correlation coefficient 
is 0.82. 

Liver. (Cl)-[Cl|,—The relationship between liver chloride and 
the concentration of chloride in the extracellular water is expressed 
by the following regression equation, (Cl), = 0.077[Cl]. + 
1.4 + 1.34, in which the standard error of the regression coefficient 
is 0.01, and of the intercept 0.2. As was the case in muscle, the 
presence of a significant intercept in the equation indicates that a 
small fraction of the liver chloride is presumably non-diffusible, 
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or at least does not react like a serum ultrafiltrate. That the 
distribution of liver chloride is not compatible with the hypothesis 
that all chloride occurs as an ultrafiltrate of the blood has been 
evident from the observations of other investigators who noted 
that the ratios of chloride to sodium in the liver and serum were 
such as to indicate a relative excess of chloride, assuming both 
ions were present as ultrafiltrates (11, 20). 

The nature of the non-diffusible chloride represented by the 
intercept is not known. Analyses of livers in some cases for red 
blood cells indicated that erythrocytic chloride could account for 
approximately 0.05 to 0.07 mm per 100 gm. of fat-free solids. 
The possibility of the presence of connective tissue chloride, such 
as has been pointed out in muscle, was tested by separate analyses 
of the liver pulp and the more fibrous portions. These fractions 
were separated roughly by scraping. No significant differences 
in the chloride to serum ratios in the two fractions from the livers 
of two normal and six depleted cats were found. However, 
analyses of liver pulp and fibrous components do not exclude the 
presence of chloride in certain connective tissue cells not separated 
by the method employed. 

(Na) ,-[Na]},--The absence of significant correlation between liver 
sodium and the concentration of sodium in the extracellular water 
indicates that a considerable fraction of the tissue sodium is not 
present in the extracellular fluid, and not influenced by changes in 
serum sodium. It is not unlikely that the greater part of this 
fraction is intracellular but the evidence for this is only presump- 
tive. 

(HO) -(K):, (Na):, [Na].—As in muscle, liver water varies 
inversely with the concentration of sodium in the serum, and 
directly with liver potassium and sodium. The correlation of 
tissue water with potassium is highly significant in all groups, but, 
with tissue sodium, only in Group III. From the magnitude of 
the changes in concentration of serum sodium as compared to the 
changes in tissue potassium and sodium, it is evident that in the 
depleted animals the major factor responsible for the increase in 
tissue water is the decrease in serum sodium. 

These relationships may be expressed by the following regres- 
sion equations. 


(HO), = —2.1[Na], + 595 + 23 
(H,O),; = 7.7(K), + 51 + 21 
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The multiple regression equation involving both variables is the 
following, (H2O), = 5.10), — 1.2[Na], + 302 + 18, in which the 
multiple correlation coefficient is 0.83. 

(N)., (K):, (P).—The presence of direct correlations between 
liver nitrogen, potassium, and phosphorus is presumably an ex- 
pression of the presence of varying contents of glycogen in the 
livers. The point has been alluded to earlier in the discussion. 

Heart. (Cl),-[Cl|.—The relationship between heart muscle 
chloride and the concentration of chloride in extracellular fluid 
is expressed by the following regression equation, (Cl); = 
0.144[Cl], — 0.26 + 2.17, in which the standard error of the re- 
gression coefficient is 0.013, and of the intercept 0.28. Since there 
is no significant intercept, all tissue chloride may be considered 
diffusible and in equilibrium with the extracellular fluid. 

(Na) -[Na].—The correlation between heart muscle sodium and 
the concentration of sodium in the extracellular fluid is expressed 
by the regression equation, (Na), = 0.22[Na], — 9.7 + 2.9, in 
which the standard error of the regression coefficient is 0.029. 
Obviously tissue sodium cannot be present entirely as an ultra- 
filtrate of serum and show the relation to extracellular sodium 
expressed in this equation. As in skeletal muscle, heart muscle 
sodium apparently occurs in at least two phases, as an ultrafiltrate 
of serum, and in the heart muscle cells. Assuming that the ratio, 
(Cl),:[Cl]., measures the volume of the fluid which reacts like an 
ultrafiltrate of serum, the average amount of intracellular sodium 
in Group I is 2.1, in Group II, 0.9, and in Group III, 1.8 mm per 
100 gm. of fat-free solids. This represents an approximate intra- 
cellular concentration of 8, 3, and 7 mm per liter, respectively. 
As in the case of skeletal muscle, the intracellular sodium tends 
to be low when the tissue potassium is high, although there is 
scattering of the individual values. Moreover, there is no corre- 
lation between the concentrations of sodium in the extracellular 
and intracellular fluids. Although intracellular sodium may be 
in part controlled by the concentration of extracellular sodium 
and the concentration of intracellular potassium, the present 
data do not define the interrelationship adequately. 

(H20) -(K)., [Na]., (Na),—Unlike the correlation in the case of 
skeletal muscle and liver, none could be demonstrated between 
tissue water and the concentration of sodium in the serum, or with 
tissue potassium. The correlation with tissue sodium, particu- 
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larly in the normal group, is apparently due to variations in the 
volume of extracellular fluid, since a significant correlation could 
also be demonstrated between tissue water and tissue chloride. 


DISCUSSION 


The data may be used to throw light on the nature of the osmotic 
adjustment occurring in intracellular water in response to de- 
creases in the osmotic pressure of the extracellular fluids. Thermo- 
dynamic considerations indicate that approximate osmotic equilib- 
rium must be maintained between intracellular and extracellular 
fluids. If univalent base exerts the preponderant osmotic effect 
in both fluid compartments, the concentration of univalent bases 
will approximately measure the osmotic pressure. 

In the case of skeletal muscle, assuming no change in the sum of 
tissue sodium and potassium, the same change in concentration 
of univalent base in muscle water will be maintained when muscle 
water increases 2.3 ml. for each mm decrease in the concentration 
of serum sodium. However, in the regression equation express- 
ing the indirect relationship between tissue water and the con- 
centration of sodium in the extracellular fluid, the regression 
coefficient is 1.52 + 0.15. In Table I it will be noted that in 
muscle the sum of sodium plus potassium remains fairly constant. 
The regression equation, therefore, indicates that tissue water 
changes only about two-thirds as much as the simple theory pre- 
dicts. This is confirmed by the relationship between the con- 
centration of sodium in the extracellular water and the concen- 
tration of sodium plus potassium in tissue water, (B*),. The 
regression equation for this relationship is (B+), = 0.62[Na], + 
63.2 + 7.7, in which the standard error of the regression coefficient 
is 0.09. The change in concentration of base in tissue water is 
only about two-thirds as great as the simple theory demands 
and agrees with the equation predicting tissue water from the 
concentration of extracellular sodium. 

The situation as regards the liver is somewhat different. As- 
suming no change in the tissue sodium and potassium, the same 
change in the concentration of univalent base in liver water 
would be maintained if the tissue water increased 1.9 ml. for 
each mM decrease in the concentration of extracellular sodium. 
Actually, the regression coefficient in the equation expressing the 
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relationship between liver water and serum sodium is 2.1 + 0.3, 
a value not significantly different from that predicted by the sim- 
ple theory. However, examination of Table I shows that the 
sum of sodium plus potassium in the tissue did not remain con- 
stant in the depleted animals. There occurred an increase in 
potassium which correlated with the decrease in concentration of 
serum sodium. Thus, the increase in tissue water proved to be 
only one-half as great as would have been necessary to maintain 
a change in the concentrations of univalent base in liver water 
equal to that of sodium in serum. This is brought out by the 
regression equation expressing the relationship between the 
concentration of sodium plus potassium in liver water, (B*),, 
and the concentration of sodium in the extracellular fluid, (B+), = 
(.48[|Na], + 78.7 + 7.4, in which the standard error of the re- 
gression coefficient is 0.10. 

As regards the changes in the heart muscle, the data do not show 
relationships between tissue water and any of the various com- 
ponents that will explain a drop in the osmotic pressure within the 
cells comparable to that which occurs in the extracellular fluid. 
First, tissue water does not show an inverse relationship with 
serum sodium concentration. Second, tissue potassium shows 
but small fluctuations which could not account for alterations in 
the concentration of intracellular univalent base comparable to 
the variations in extracellular sodium. Third, the ratio (Cl),:[Cl]. , 
which approximately measures the volume of extracellular fluid, 
is relatively constant and indicates that significant variations in 
volume of intracellular water probably did not occur. Finally, 
there is no correlation between the concentration of sodium plus 
potassium in heart muscle water and the concentration of extra- 
cellular sodium (Table II). 

It is, therefore, evident that as regards the three tissues studied, 
since changes in freely diffusible elements cannot account for the 
fact that the concentration of univalent base does not measure the 
osmotic pressure, changes in the osmotic pressure of some sub- 
stances within the cells must accompany changes in the concentra- 
tion of sodium in the serum. At present, the nature of the change 
or of the substances involved is not known. These findings show 
the difficulty of predicting the distribution of body water from 
balance experiments and suggest that shifts of water into cells 
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in response to decrease in concentration of extracellular sodium 
will be only about two-thirds that predicted by the assumption 
that the sole adjusting mechanism is transfer of water between 
the two phases of body water. 

Amberson, Nash, Mulder, and Binns (21) reported that tissue 
chloride varies directly with serum chloride in a number of tissues, 
but that in certain tissues, notably brain and stomach, the inter- 
cept in the regression equation is so large that chloride cannot be 
entirely accounted for in the serum ultrafiltrate. Their experi- 
ments differed from ours, first, in that the shorter period of 
equilibration gave less assurance that even approximate equilib- 
rium between blood and tissue fluids was attained and, second, 
in that chloride was displaced by sulfate rather than that both 
sodium and chloride were removed from the body. Although 
disagreeing with our results in the brain (14) their results in 
muscle, heart, and liver are comparable to ours. We agree with 
their view that each tissue must be examined from several points 
of view before it is decided what proportion of tissue chloride 
behaves as if it were present in an ultrafiltrate of serum. 

The slope, or regression coefficient of the equation predicting 
tissue chloride from the concentration of chloride in serum, pre- 
sumably measures the volume of water in which the diffusible 
chloride of the tissue exists at the concentration of an ultrafiltrate 
of serum. It follows that, in any tissue, this volume of fluid 
represents the maximum volume that may be assumed to react 
like an ultrafiltrate of plasma. The maximum volume will equal 
the true volume of extracellular water only if it can be shown 
that diffusible chloride exists only in the extracellular compart- 
ment. Conclusive evidence of the hypothesis that practically 
all diffusible chloride is extracellular is not available. Neverthe- 
less the presumptive evidence is quite strong, since sucrose (22), 
thiocyanate, sulfate, and bromide (23) are all apparently dissolved 
in about the same volume of fluid. Our data indicate that in the 
calculation of the volume of extracellular fluid from the chloride 
concentrations in serum and tissues, 1 mm in the case of muscle 
and 1.4 mm in the case of liver should be subtracted from the 
total chloride of each 100 gm. of fat-free solids of the tissue. 

Since the ratio of diffusible chloride in the tissues to the con- 
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centration of chloride in the extracellular fluid is constant, it may 
be assumed that the increases in muscle and liver water in the 
depleted animals are practically entirely confined to the intra- 
cellular compartment. 

The data add to the evidence obtained in other types of experi- 
ments that tissue sodium cannot be entirely present as an uitra- 
filtrate of plasma. This is indicated by the differences between 
the “ratios (Na),:[Na], and (Cl),:[Cl], in the individual tissues, 
as well as by the nature of the respective sodium regression equa- 
tions. It would seem reasonable to assume that there is a con- 
siderable but variable quantity of sodium in the cells. However, 
the present data throw little light on the factors influencing the 
concentration of intracellular sodium. Heppel (11) has shown 
that in muscle, when cellular potassium decreases in response to 
a diet low in potassium, approximately equivalent amounts of 
sodium enter the cells. Similarly, in the skeletal and cardiac 
muscle of our depleted cats that received sodium sulfate solution, 
abnormally low tissue potassiums were in many instances asso- 
ciated with increases in tissue sodium that could not be related 
to increases in concentration of sodium in the serum, nor increases 
in volume of extracellular water. However, although it is sug- 
gested, the data do not show conclusively a reciprocal relationship 
between tissue sodium and potassium. This is indicated by the 
absence of significant correlation coefficients between these 
factors. 

In Table I it will be noted that in the three tissues, an increase 
in tissue potassium is found in Group II in conjunction with an 
increase in serum potassium. Moreover, in skeletal and cardiac 
muscle, abnormally low values for tissue potassium in Group LI 
are associated with abnormally low concentrations of serum potas- 
sium. Inspection of the individual values, however, shows that 
all levels of tissue potassium may occur with quite large variations 
in serum potassium, so that significant correlations between these 
two components could not be demonstrated in any of the groups. 
Thus, while common factors may influence in a similar fashion the 
concentration of potassium in the extracellular and intracellular 
fluids, there is no obligate relationship between the concentrations 
of potassium in the two compartments. 
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SUMMARY 


Cats were subjected to procedures leading to loss of extracellular 
electrolyte. Skeletal muscle, liver, cardiac muscle, and serum 
were analyzed~for the principal inorganic anions and cations, 
water, nitrogen, and fat. Statistical analyses of the data indi- 
cated the following conclusions as regards these tissues. 

Tissue chloride varies directly with the concentration of serum 
chloride in such a manner as to be compatible with the hypothesis 
that practically all tissue chloride is diffusible, and at the concen- 
tration of an ultrafiltrate of serum. A small fraction of the 
chloride in muscle and liver, however, does not vary directly with 
serum chloride. 

Sodium in skeletal and cardiac muscle varies directly with the 
concentration of serum sodium but the evidence indicates that 
considerable and variable amounts occur in the intracellular 
phase as well as in the extracellular water. In the liver, there was 
no correlation between tissue sodium and the concentration of 
serum sodium. 

The water of skeletal muscle and liver varies indirectly with the 
concentration of serum sodium. The increase of water in these 
tissues accompanying decrease in concentration of serum sodium 
is principally intracellular. In cardiac muscle the volume of 
tissue water was unaltered by depletion of extracellular electrolyte. 

The relationship between the concentration of univalent base in 
tissue water and the concentration of sodium in serum indicates 
the following facts. In muscle and liver decrease in concentration 
of serum sodium is accompanied by a shift of water into the cells 
which is only sufficient to decrease the concentration of univalent 
base in the cells about one-half to two-thirds of that necessary 
for equal change in the concentration of univalent base in the two 
compartments. In the heart, decrease in the concentration of 
sodium in serum is unaccompanied by evidence of shift of water 
into the cells or of loss of univalent base from the cells. Appar- 
ently univalent base is only one of the factors determining the 
distribution of water between the intracellular and extracellular 


phases. 
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THE INFLUENCE OF THE TYPE OF CARBOHYDRATE 
INGESTED UPON CITRIC ACID PRODUCTION* 


By CURTIS E. MEYERf anp ARTHUR H. SMITH 


(From the Department of Physiological Chemistry, Wayne University College 
of Medicine, Detroit) 
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The “citric acid cycle” hypothesis of carbohydrate oxidation 
has stimulated an interest in the general relationship of citric 
acid to carbohydrate metabolism. Krebs and Johnson (1937, a) 
and Krebs (1937) have presented evidence which they believe 
demonstrates that a catalytic system composed of certain dicar- 
boxylic acids and citric acid “outlines the principal pathway of the 
oxidative breakdown of carbohydrate in muscle tissue.” Ac- 
cording to their scheme, an increased rate of oxidation of carbo- 
hydrate would result in the elaboration of more citric acid. A 
precursor of the citric acid thus formed might be any other 
member of the cycle. Krebs and Johnson (1937, b) showed that 
succinic acid may be synthesized in small amounts by animal 
tissue in vitro if pyruvic acid is available. On the basis of this 
observation these authors infer that the origin of citric acid is 
explained. 

Although Greenwald (1914) showed that citric acid is practi- 
cally quantitatively converted to glucose in the human diabetic 
and in phlorhizinized dogs, definite evidence that the reverse 
reaction occurs in animals is lacking. The ingestion of glucose 
has been reported to have no effect in human beings either on 
the excretion of citric acid (Kuyper and Mattill, 1933) or on its 
concentration in the blood (Lennér, 1934). Sherman, Mendel, 
and Smith (1936) were unable to obtain convincing evidence that 


* A preliminary report was made at the 99th meeting of the American 
Chemical Society at Cincinnati, April, 1940. 
+ Chas. Pfizer and Company Fellow in Physiological Chemistry, 
1938-39. 
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sucrose gives rise to citric acid; when dogs fed a citrate-low diet 
were given an increased amount of sucrose, no significant change 
in the urinary output of citric acid was noted. However, when 
sodium bicarbonate: was administered, there was an indication 
that the resultant increased excretion of citric acid was further 
augmented by a carbohydrate-rich diet as contrasted with a 
protein-rich diet. More recently Smith and Meyer (1939) 
observed that rats excrete considerably more citric acid when 
maintained on diets rich in dextrin or fat than when protein 
(lactalbumin) provides a larger proportion of the dietary energy. 
They interpreted this observation to mean that the citric acid 


TaBLe | 
Composition of Diets 
Each rat received a solution containing 80 mg. of liver extract, Lilly, 
No. 343, and 200 mg. of ryzamin-B concentrate per day (1.032 mg. of citric 
acid per 3 days). 


“*Hexose’’* Sucrose Resta ond 
Lactalbumin , 14.0 14.0 14.0 
Carbohydrate* 65.1 61.8 58.6 
Crisco 20.0 20.0 20.0 
Cod liver oil 5.0 5.0 5.0 
Salt mixturef + 2.4 2.4 2.4 
106.5 103.2 100.0 


* Glucose, fructose, or galactose. 
+t Hubbell, Mendel, and Wakeman (1937). 


normally excreted is derived from metabolic products of fats and 
carbohydrates. 

A question naturally arises as to whether the differences in 
results noted in the foregoing two investigations are due to dif- 
ferences in species or to the nature of the carbohydrates ad- 
ministered. The data presented in the present paper are derived 
from a study of the effects of feeding, to rats, diets rich in various 
carbohydrates. 

EXPERIMENTAL 


The experiments were conducted in the same manner as those 
described previously by Smith and Meyer (1939). The composi- 
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tion of the rations is given in Table I. The dextrin diet was the 
one used earlier (Smith and Meyer, 1939), while in the case of the 
glucose, fructose, galactose, and sucrose diets, adjustments were 
made in the quantity of the respective carbohydrate in order to 
provide an “effective’’ level equivalent to dextrin. Starch was 
used in the same amount as dextrin. 

Groups of four rats were maintained on each of the diets for 21 
days. Food consumption and weight changes were noted every 3 
days. Urine for citric acid analyses was also collected at 3 day 
intervals. The citric acid was determined by the method of 
Pucher, Sherman, and Vickery (1936), the final measurement being 


TABLE II 
Citric Acid Production of Rats on Various Carbohydrate Diets 
Each number represents the average citric acid production for one rat 
for seven 3 day periods. 


Glucose Fructose Galactose Sucrose Starch Dextrin 
=. 1 mg. mg. mg. os. mg. 
15.2 14.4 17.8 7.4 16.3 23.6 
19.9 15.3 7.1 20.7 24.8 24.1 
8.9 11.2 9.1 58.6 19.1 22.7 
3.3 4.7 10.7 15.8 40.2 32.6 
11.8 11.4 11.2 20.6 25.1 25.7 


made with a photelometer having a color filter with maximum 
transmission at 4250 A. 

As in earlier work, considerable variation in the citric acid pro- 
duction within the group on each diet was noted. However, 
fluctuations in the periodic quantity produced by any one rat 
were within rather narrow limits, so that a distinct individuality 
was discernible. Reference may be made to Table II in a pre- 
vious paper (Smith and Meyer, 1939) for similar examples of this 
characteristic; only the average values for each rat are presented 
here and these data are recorded in Table II. The values pre- 
sented represent the urinary excretion minus the quantities of 
citric acid ingested in the diets. The intakes of citric acid were 
negligible, with a maximum difference of 0.2 mg. per day due to 
the amounts present in the various diets. 
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While there was considerable individual variation on any one 
diet during the entire 21 days, a striking constancy prevailed in 
the average citric acid production of rats in the hexose groups. 
Contrasted with an average production of 11 mg. per 3 days on 
either the diet high in glucose, fructose, or galactose are the 
values of 25 mg. for the dextrin and starch groups. The rats 


Taste III 
Citric Acid Production of Rats on Diet High in Dextrin Compared with Diets 
High in Other Carbohydrates 
Each number represents the average citric acid production for one rat 
for five consecutive 2 day periods. 


Diet 
Glucose Fructose Galactose Sucrose Starch 
mg. mq. mg. mg. mg. 
9.0 9.7 13.5 21.3 24.8 
8.9 6.8 11.8 17.0 31.2 
16.1 19.3 4.0 15.5 38.1 
12.4 4.8 5.1 15.5 18.5 
11.6 10.1 8.6 17.3 28.1 
Dextrin* 
22.3 21.5 64.7 32.0 13.2 
8.8 19.0 54.8 17.4 22.4 
29.3 39.0 60.8 27.6 33.8 
16.1 15.0 53.9 23.0 21.9 
19.1 23.6 58.5 25.0 22.8 


* The contrasting values for an individual rat occupy the same relative 
positions in the upper and lower parts of the table. 


maintained on the sucrose-rich diet produced an intermediate 
average quantity of 20.6 mg. of citric acid in 3 days. 

Although not a single animal in the three hexose groups ex- 
creted as much citric acid as the average excretion in the other 
groups, in some cases considerable individua, overlapping did 
oecur. For instance, one rat which received the glucose diet 
averaged 19.9 mg., while the value for one animal given sucrose 
was only 7.4 mg. Likewise, another rat on the sucrose diet 
averaged 58.6 mg. of citric acid which was considerably greater 
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than that for any of the animals on the dextrin or starch diets. 
Owing to these deviations from the group averages, it might be 
concluded that one group excreted a greater quantity of citric 
acid than another merely because of a fortuitous selection of its 
members. Consequently, the influence of different carbohydrate 
diets upon the same animal was studied. It was believed that 
in this manner individual variability might be circumvented; if an 
animal excreted more than its experimental mates on one partic- 
ular carbohydrate diet, it would continue to do so on another. 
The glucose, fructose, galactose, sucrose, and starch diets were 
given to groups of four rats each for 10 days and then all were 


TABLE LV 


Comparison of Citric Acid Excretion with “‘Effective’’ 
Carbohydrate Consumption* 


ist series 2nd series 
pas Carboby- | Citric acid | C8POhY- | Citric acid 
drate | drate 
consumed excreted consumed | ®* 

gm. mg. gm. mg. 
Glucose << 6.66 3.9 7.58 5.8 
Fructose ees 6.48 3.8 5.56 5.0 
Galactose Pes: 7.15 3.7 6.66 4.3 
eee ee. Je -.) Oe 6.8 6.05 8.7 
cts. c, dawdicen 6.98 8.9 
Starch ee eee = 7.55 8.4 7.10 14.0 


* “Effective’’ carbohydrate consumption per rat per day is calculated 
on the basis that all carbohydrates are converted to hexoses. 


replaced by the dextrin diet for another 10 days. The effects 
of these regimens on the excretion of citric acid are shown by 
the data in Table III. During the fore period the animals com- 
prising the sucrose and starch groups again excreted more citric 
acid than the rats fed hexose diets. Concomitantly with the 
change to the dextrin diet, immediate adjustments in the produc- 
tion of citric acid were noted; there was a prompt increase in the 
case of the hexose and sucrose groups with a slight decrease in the 
starch group. The most striking response was manifested by the 
animals which were changed from the galactose to the dextrin 
diet, a 7-fold increase resulting from this substitution. 
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An accurate record of food consumption was kept. Table IV 
contains the daily average individual carbohydrate consumption, 
expressed as hexose, of the rats on the various diets. These values 
are compared with the corresponding quantities of citric acid 
excreted. It is obvious that the differences in citric acid values 
are not due to a quantitative difference in consumption of the 
various carbohydrates. 

Why sucrose, dextrin, and starch, carbohydrates which are 
hydrolyzed to glucose before absorption, are more effective pro- 
moters of citric acid excretion than is glucose is not clear. It was 
thought pertinent to determine the relative excretion of citric acid 
of rats consuming diets containing equivalent quantities of glu- 
cose, invert sugar, and sucrose. Four rats were placed upon each 
of such diets, but it was not possible to distinguish sufficiently 
between the quantities of citric acid eliminated to reach a definite 
conclusion. Accordingly, six other animals were given the diet 
high in glucose for 10 days, and then transferred to the sucrose- 
rich diet with a view to subsequent transfer to one containing an 
equivalent of invert sugar. The excretion of citric acid on the 
two diets did not consistently differ sufficiently to offer a basis 
for comparison, so that the invert sugar regimen was not instituted. 
All the rats were then transferred to a diet high in dextrin 
and subsequently to the glucose ration. When this was done, 
the excretion of citric acid dropped from a grand average of 29.3 
mg. for four 2 day periods on the dextrin to 17.2 mg. on the 
glucose, showing again the same relative effectiveness of these 
two carbohydrates as observed with the first series of animals. 

It was thought that possibly intestinal bacteria might be 
responsible for the differences that were observed, for it is known 
that the polysaccharides are more conducive to bacterial growth 
than are simpler sugars. To our knowledge there are no reports 
in the literature on the synthesis of citric acid by bacteria. To 
test this possibility, two groups of six rats each were fed diets 
which give maximum differences in urinary citric acid excretion. 
One group was fed the “standard’”’ diet previously used by Smith 
and Meyer (1939), while the other group received the galactose 
diet for 6 days and was then transferred to the one high in dextrin. 
Although the second group had been conditioned for only this 
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brief period on the galactose diet, a 4-fold increase in urinary 
citric acid was observed when the transfer was made. Feces 
were also collected and analyzed for citric acid. After 6 days on 
the standard diet, the first group was sacrificed and their intestinal 
contents and intestines were analyzed. The second group was 
similarly treated after it had been on the dextrin diet for 6 days. 
The average fecal excretion for two 3 day periods for the first 
group was 1.8 mg. and 3.0 mg. and for the second group 2.2 and 
28 mg. The average quantities of citric acid found in the 
intestines and their contents were 1.1 mg. for both groups. 

This experiment did not exclude the possibility that rapid ab- 
sorption might mask a differential synthesis by the bacteria. 


TABLE V 
Effect of Intestinal Bacteria upon Small Quantities of Citric Acid 


Carbohydrate = awl Citrie acid 
Control Experimental 
gm. mg. mg. 
Galactose 0.20 0.42 0.29 
0.20 0.42 0.29 
Sucrose 0.19 0.42 0.32 
0.19 0.42 0.32 
Dextrin 0.18 0.44 0.24 


0.18 0.44 0.32 


To test further the possibility of bacterial synthesis, their effect 
upon different carbohydrates was determined in vitro. 8 gm. of 
intestinal contents from a rat were diluted to 100 cc. with normal 
saline. 5 cc. of this suspension were used in each determination 
indicated in Table V. To each tube were also added 40 ce. of a 
solution containing 0.32 gm. of desiccated beef broth and 0.32 
gm. of sodium chloride, and the quantity of the carbohydrate 
indicated in Table V. The controls which were made for each 
carbohydrate were immediately heated with 5 ec. of 50 per cent 
sulfuric acid. The others were kept in an incubator at 37° for 66 
hours and then analyzed for citric acid. The results indicate that 
no citric acid was produced; rather, in each case, there was a 
slight destruction of this compound. 
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DISCUSSION 


It is apparent from the present work and that previously pre- 
sented (Smith and Meyer, 1939) that the quantity of citric acid 
produced by an animal is governed to a considerable extent by the 
type of diet ingested. That this response is an intrinsic property 
of the dietary constituents rather than a reflection of the well 
known acid-alkali influence on citric acid excretion is now espe- 
cially evident. Certain carbohydrates change the pH of the 
intestine through their influence on the type of bacterial flora in 
the gut and thus would favor the absorption of acid. It is, how- 
ever, the polysaccharides which favor the acidophilic intestinal 
bacteria, and hence, from the known influence of acid-base balance 
on citric acid synthesis, should effect a decreased elimination of 
citric acid. This is not in accord with the results obtained. 

Although it was found that rats which ate a diet high in dextrin 
did not excrete more citric acid in the feces than others on the 
standard diet (while they were excreting considerably more in the 
urine) and that no more was present in their intestines immediately 
after death, this alone does not exclude a synthesis by bacteria 
in the gut. However, the fact that intestinal bacteria destroyed 
small quantities of citric acid in vitro renders synthesis by these 
organisms unlikely. 

Bacteria do, of course, synthesize other organic acids, and some 
of these might be precursors of citric acid. Whether the quantities 
of such organic acids produced by bacteria are large enough to 
cause an increase in the urinary citric acid is questionable, for 
when large quantities of citric acid itself are given to various 
species of animals, it is virtually completely oxidized, rarely more 
than 2 per cent appearing in the urine. On this basis, the intestinal 
flora of the rats which had been changed from a galactose-rich 
to a dextrin-rich diet would have had to synthesize an equivalent 
of over 1.4 gm. of citric acid per day in order to account for the 29 
mg. in the urine of this group. Further evidence against bacterial 
synthesis as the responsible factor in the increase in urinary 
citric acid is provided by the data of Kuether, Meyer, and Smith 
(1940) which show that the oral administration of free citric acid 
to the rat actually results in a diminution of its excretion in the 


urine. 
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At present no satisfactory explanation can be given for the 
stimulating effect of carbohydrates on the endogenous production 
of citric acid, much less for the difference between the monosac- 
charides and the polysaccharides in this respect. The exceptional 
production of citric acid by the galactose-fed animals when trans- 
ferred to a high dextrin diet recalls the uncommon behavior of 
this sugar as regards ketolysis and the formation of glycogen (see 
Deuel (1936)). 


SUMMARY 


It has been observed that when carbohydrate comprises 65 per 
cent of a ration, expressed as glucose, the individuality of the 
carbohydrate has an influence on the amount of urinary citric acid 
excreted by rats. Whereas the excretion of citric acid was prac- 
tically the same when the diets contained this quantity of glucose, 
fructose, or galactose, it was more than twice as much when the 
carbohydrate was dextrin or starch. 
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THE d-AMINO ACID OXIDASE CONTENT OF RAT TISSUES 
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The elucidation of the structure of a number of the coenzymes 
which are involved in many of the oxidative processes of the cell 
has produced the significant observation that at least three vita- 
mins are essential constituents of such coenzymes. Thus, thi- 
amine and nicotinic acid amide have been shown to be components 
of cocarboxylase and the pyridine nucleotides respectively (1-3). 
The situation is more complex with respect to riboflavin. Until 
quite recently riboflavin, as riboflavin phosphate, was recognized 
only as a constituent of Warburg’s “yellow ferment.” Within 
the past 2 years the réle of riboflavin in enzymatic processes has 
assumed greater significance through the knowledge that there 
exists a whole group of enzymes with prosthetic groups containing 
riboflavin, usually as riboflavin-adenine dinucleotide. In this 
group are included “new” yellow enzyme, Warburg and Christian 
(4); d-amino acid oxidase, Warburg and Christian (5); yeast 
flavoprotein, Haas (6); milk flavoproteins with diaphorase and 
xanthine oxidase activities, Corran and Green (7), Ball (8); heart 
muscle flavoproteins with diaphorase activity, Straub (9), Adler 
et al. (10); liver flavoproteins with xanthine oxidase activity, 
Corran et al. (11) and Subrahmanyan et al. (12); yeast fumarate 
hydrase, Fischer et al. (13); and a constituent of the bacterial 
pyruvate oxidase system, Lipmann (14). 

The relationship of the above observations to the physiological 


* Published with the approval of the Director of the Wisconsin Agri- 
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réle of these vitamins becomes apparent. It is reasonable to 
assume that these vitamins function as precursors of their re- 
spective coenzymes and that pathological manifestations in the 
given vitamin deficiencies are due in part to a disturbed metab- 
olism resulting from a deficiency of the essential coenzyme Such 
coenzyme deficiencies have been observed in thiamine (15), nico- 
tinie acid (16-18), and riboflavin avitaminoses (19). 

We have previously reported in a preliminary communication 
(20) that a riboflavin deficiency results in a lowered d-amino acid 
oxidase content of rat liver and kidney. Ochoa and Rossiter 
(19) have demonstrated similar decreases in the total riboflavin- 
adenine dinucleotide content of rat heart and liver in riboflavin 
avitaminosis. In this paper we shall present a more detailed 
account of our work with particular reference to the effect of 
other members of the vitamin B complex upon the in vivo syn- 
thesis of d-amino acid oxidase. 


Methods 


Treatment of Animals—Two basal rations were employed to 
produce deficiencies in various members of the vitamin B complex. 
The less synthetic Ration K-12 is low in riboflavin, factor W, 
vitamin Be, and possibly pantothenic acid (21). The highly 
synthetic basal Ration J-30 is devoid of all known members of 
the vitamin B complex required by the rat except those already 
added (Table I). 

Albino rats of both sexes were placed on experiment at 21 days 
of age. The groups receiving basal Ration K-12 were depleted 
for 6 to 8 weeks, while those receiving Ration J-30 were depleted 
for 3 weeks. The animals were fed ad libitum with the exception 
of one group receiving Ration K-12 plus riboflavin plus factor W 
concentrate whose food intake was restricted to that of a group 
receiving only basal Ration K-12. At the end of the respective 
depletion periods, growth had ceased in both groups. Symptoms 
of alopecia were observed in a number of rats receiving basal 
Ration K-12. No external symptoms were evidenced in the group 
fed Ration J-30. The rats were then placed in individual, wire- 
bottomed cages and, in addition to their basal ration, were supple- 
mented with various members of the vitamin B complex for 2 to 4 
weeks. The grouping of the rats according to the supplements 
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received is given in Table IJ. The large majority of the rats 
consumed their supplements immediately although in a few cases 
it became necessary to withhold their water for a short period of 
time. The daily supplements consisted of (1) synthetic ribo- 
flavin, 40 micrograms, (2) synthetic vitamin Bs,' 40 micrograms, 
(3) muscle adenylic acid,? 100 micrograms, (4) a factor W concen- 
trate (23) = 0.4 gm. of liver extract:? This concentrate was 
free of vitamin Bs and riboflavin but furnished adequate amounts 


TaBLe | 
Composition of Basal Rations K-12 and J-30 


Components Ration K-12 Ration J-30° 

White corn, gm..... eo dh 12.5 

Dextrin, gm..... - 58 

Sucrose, “ .. nyt. 76 
Labco casein, gm. 18.5 18 
Salts 3 (22), ‘“‘ - 4.0 4 
Butter fat (washed), gm.... 5.0 
MM 6 6 .cc vie caw ns 2 
Cod liver oil, gm.. i , 2 2.0 

Thiamine hydrochloride, y 200 300 
Nicotinic acid, mg. ne 5 
Choline hydrochloride, mg. 5 


* 2 drops of haliver oil were fed weekly to each rat. 


of factor W and pantothenic acid at the levels fed. The animals 
were weighed weekly. 

Determination of d-Amino Acid Oxidase—The kidney and liver 
were removed from a decapitated rat and freed from any adherent 
blood with moistened filter paper. A portion of the tissue was 
placed on solid carbon dioxide and reserved for the riboflavin 
analysis. Another portion was weighed into a tared homogenizer 
tube and immediately homogenized (24) with 5 volumes of dis- 


! We are indebted to Merck and Company, Inc., Rahway, New Jersey, 
for generous supplies of thiamine, nicotinic acid, and vitamin Bg. 

* The muscle adenylic acid was purchased from the Laokoon Company, 
Lwow, Poland. 

*We are indebted to Dr. David Klein, The Wilson Laboratories, 
Chicago, for the liver extract used in the preparation of the factor W 
concentrate. 
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tilled water. 1 ce. of the liver and 0.5 ec. of the kidney suspen- 
sions were used for the respective enzyme determinations. Not 
more than 20 minutes elapsed between the death of the animal 
and the beginning of equilibration. The rate of oxygen uptake 
of these tissue suspensions in the presence of dl-alanine was taken 
as a measure of the d-amino acid oxidase content of the tissue. 
Only d-alanine is oxidatively deaminized under these conditions 
(25). The oxygen uptake was measured in the Barcroft differ- 
ential respirometer with potassium hydroxide in the inner well 
(26). The reaction was carried out with air as the gaseous phase. 
3 cc. of water were placed in the left-hand flask, while the right- 
hand flask contained the following constituents: (1) 1.5 ce. of 
Kreb’s phosphate buffer of pH 7.4 (27), (2) 0.5 ec. of 0.3 m dl- 
alanine, when required, and (3) the requisite amount of tissue. 
The contents were diluted to 3 ce. with distilled water. The 
neutralized substrate was prepared daily. The determinations 
were run at 37°. A blank oxygen uptake (in the absence of 
dl-alanine) was always determined for each tissue and the deter- 
minations in the presence of substrate were run in duplicate. 
The duplicates were consistently checked within 10 per cent. 
The contents of the flask were equilibrated for 10 minutes, the 
stop-cocks closed, and readings taken every 10 minutes thereafter 
for 1 hour. The rate of oxygen uptake remained constant for 20 
minutes and then gradually decreased. The oxygen uptake in 
c.mm. per hour is expressed as the 20 minute reading (minus the 
20 minute blank reading) X 3. The blank readings did not 
vary significantly with the various groups. 

The effect of pyruvate was studied and it was found that neither 
liver nor kidney suspensions could utilize amounts of pyruvate 
equivalent to that produced during the oxidative deamination of 
d-alanine under our experimental conditions. Pyruvate in the 
same amounts did not inhibit the reaction. 

Determination of Riboflavin Content—The tissues were stored in 
the frozen state. There was no change in the riboflavin content of 
tissues when stored under these conditions for 3 months. The 
tissue was homogenized, diluted 1:500 with distilled water, and 
autoclaved for 15 minutes at 120°. Riboflavin was determined 
in this extract according to the bacteriological method of Snell 
and Strong (28). Feeney and Strong (29) have demonstrated 
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that this method measures not only free riboflavin but also the 
combined forms. 

There was no variation in the moisture content of tissues taken 
from rats in the various groups. 


EXPERIMENTAL 


The data obtained are presented in Table II. 

Observations on Basal Ration K-12—Our first experiments were 
designed to determine what relationship, if any, existed between 
the riboflavin intake of a rat and the d-amino acid oxidase con- 
tent of its tissues. Such a relationship was postulated after it 
became known that the prosthetic group of this enzyme was 
riboflavin-adenine dinucleotide. It was also of interest to deter- 
mine what effect other members of the vitamin B complex might 
have upon the synthesis of this enzyme. The latter purpose 
assumed more importance after it became evident that supple- 
mentation of the basal ration with riboflavin alone, although re- 
storing the riboflavin content of the liver to its normal value, 
only partially restored its d-amino acid oxidase content. As 
given in Table II, various combinations of different members of 
the vitamin B complex were fed. Analysis of the mean values 
led to the following conclusions. The liver of rats fed basal 
Ration K-12 contained significantly lower amounts of d-amino 
acid oxidase. A smaller but significant lowering was also ob- 
served in the kidney. There was also a decrease in the riboflavin 
content, particularly of the liver. Supplementation of basal 
Ration K-12 with either a factor W concentrate or riboflavin 
alone resulted in an increase in the d-amino acid oxidase content 
of both the liver and kidney. Complete restoration of the en- 
zyme content of the liver, when riboflavin was the only supple- 
ment, was not accomplished although the riboflavin content was 
restored to normal. Supplementation with both riboflavin and 
vitamin B, or riboflavin and factor W concentrate increased the 
d-amino acid oxidase content of both liver and kidney to their 
normal values. Restriction of the food intake of a group of 
rats receiving Ration K-12 plus riboflavin plus factor W concen- 
trate to that of a group of rats receiving Ration K-12 alone pre- 
vented growth but allowed complete restoration of the d-amino 
acid oxidase content of both liver and kidney. 





hint, TUR wi dali. 


ee ee 


CP hen er 





“I 
= 


TABLE II 


Summary of Data* 


Supplements 


Series on Ration K-12 
None 
Factor W concentrate 
mae a + vita- 
min Beg 
Riboflavin 
- + vitamin Bs 
x + factor W concen- 
trate 
Riboflavin + factor W concen- 
trate (restricted) 
Riboflavin + factor W concen- 
trate + vitamin B, 
Stock ration... 
Series on Ration J-30 
Muscle adenylic acid 
Riboflavin + adenylic acid 
e + 7 RE, 
factor W concentrate 
Riboflavin + adenylic acid + 
factor W concentrate + vita- 
min Bes 
Riboflavin........ 
_ + vitamin Be 
Vitamin Be 


* The mean values for each group are given. 

t Oxygen uptake values are expressed as the 20 minute reading (minus 
the 20 minute no substrate reading) X 3. 
and 0.5 ce. of a 1:6 kidney suspension were used. 


Oxygen 
uptaket 
Liver Kidne 
c.mm. | ¢.mm. 
per hr. | per hr. 
20 340 
82 537 
47 441 
82 480 
144 577 
127 507 
156 542 
117 540 
' 129 524 

50 414 
129 426 
169 669 
87 550 
179 583 
113 403 
45 451 


1 ce. of a 1:6 liver suspension 


y 


Riboflavin Deficiency 


Riboflavin con- 
tent of tissues 


No. of 


each 


(fresh weight) Weight rats in 
gain 


Liver Kidney 


Y per 
gm. 


23 
30 


27 
40 
42 
40 
42 


48 


36 
48 


46 


Y per | gm. per 


gm. 


37 
40 
37 
46 
46 


47 


45 


49 


59 
48 
52 
40 


day 


0.10 


3.2 
0.0 
0.45 
0.0 


group 


t Weight gains represent gains during the period of supplementation. 
Sustained growth is obtained only in the presence of factor W, vitamin Be, 


and riboflavin. 


Observations on Basal Ration J-30—This ration was adopted 
because it was thought that further information concerning the 
relationship of other members of the vitamin B complex to the 
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synthesis of d-amino acid oxidase could be obtained with the use 
of a more synthetic basal ration. An analysis of these data led 
to the following conclusions. 

In the absence of riboflavin there was a significantly lower 
amount of d-amino acid oxidase in liver. No significant decreases 
were observed in the kidney. It is important to note that the 
riboflavin content of the liver was not decreased to the same ex- 
tent as that of the corresponding group of rats fed basal Ration 
K-12. This may be due to the fact that the animals on Ration 
J-30 were not depleted for as long a period of time. This dif- 
ference in riboflavin content was paralleled by the observation 
that the enzyme content of the riboflavin-deficient rats from the 
J-30 group was not as low as that on basal Ration K-12. The 
addition of riboflavin to this ration (No. J-30) completely restored 
the normal content of d-amino acid oxidase. Further additions 
of (1) adenylic acid, (2) adenylic acid plus factor W concentrate, 
(3) adenylic acid plus factor W concentrate plus vitamin Bg, 
and (4) vitamin Bs, alone had no supplementary effects. 

Various differences between the K-12 and J-30 groups were 
observed. The addition of riboflavin to basal Ration K-12 re- 
sulted in a temporary growth response accompanied by only a 
partial increase in the d-amino acid oxidase content of liver. No 
growth response was obtained upon the addition of riboflavin 
to basal Ration J-30 although complete restoration of the enzyme 
content was effected. There appears to be a general correlation 
between the amount of growth and the degree of d-amino acid 
oxidase synthesis. Where rapid growth takes place, as in the 
group fed Ration K-12 plus riboflavin, other factors necessary 
for such a synthesis of the enzyme may become limiting. Such 
deficiencies are corrected by the addition of either vitamin Bs 
or factor W concentrate to Ration K-12. It is interesting to 
note that a very uniform synthesis was observed in the animals 
receiving Ration K-12 plus riboflavin plus factor W whose growth 
had been prevented by restricting the food intake. A similar 
explanation would account for the complete synthesis that took 
place in the group fed Ration J-30 plus riboflavin in the absence 
of other factors and in the complete absence of growth. Evidence 
that factors other than those already mentioned may be required 
for maximum enzyme synthesis on Ration J-30 when growth is 
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optimum may be derived from the failure to effect complete syn- 
thesis in the group fed Ration J-30 plus riboflavin plus factor W 
concentrate plus vitamin Bg, plus adenylic acid. Optimum growth 
was obtained in this group. 


DISCUSSION 


It should be borne in mind that the enzyme under considera- 
tion is one which has as its specific substrate a type of amino acid, 
i.e. the d form, which is generally considered foreign to the animal 
body. The significance of such an enzyme is not entirely clear 
at the present time. This must be considered before any attempts 
are made to correlate a d-amino acid oxidase deficiency with 
any specific syndrome. The study of the /-amino acid oxidase 
would perhaps represent a truer physiological approach to this 
problem. In this connection it is of interest that Russell and 
Wilhelmi (30) have observed that kidney slices from adrenalec- 
tomized rats are not able to utilize 1(+)-glutamic acid and dl- 
alanine as well as normal kidney slices. This type of evidence 
suggests a deficiency of both the d- and /-amino acid oxidase in 
the kidney of the adrenalectomized rat. Lyman and Barron (31) 
have shown that kidney slices from rats made nephritic by the 
ingestion of diethylene glycol possessed a decreased ability to 
oxidize dl-alanine and l-aspartic acid. Thus it is apparent that 
other conditions besides a riboflavin deficiency may affect the d- 
and l-amino acid oxidase content of tissue. 

The lowered riboflavin content of tissues from rats fed a ribo- 
flavin-low ration is in general agreement with previous observa- 
tions (32-36). The values for the total riboflavin-adenine 
dinucleotide content of normal rat liver and kidney given by 
Ochoa and Rossiter (19) check well with our figures for the ribo- 
flavin content of these tissues if it is assumed that all of the 
riboflavin is present as the dinucleotide. The decrease in the 
total riboflavin-adenine dinucleotide content of liver observed 
by these workers is of the same order as our observations on the 
riboflavin decrease in this tissue. 

Our experiments do not enable us to determine which compo- 
nent of the d-amino acid oxidase enzyme is affected in a riboflavin 
deficiency. Decreases in the concentrations of either the ribo- 
flavin-adenine dinucleotide or in the protein component, or 
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perhaps in both, would result in a lowered d-amino acid oxidase 
activity. (choa and Rossiter (19) have demonstrated that there 
is a lowered total riboflavin-adenine dinucleotide content of the 
heart and liver in a riboflavin deficiency. An analysis of the 
specific protein of the d-amino acid oxidase, such as that carried 
out by Klein (37), would determine whether the protein were also 
affected. The possibility of such a change in the protein com- 
ponent is indicated by the work of Klein (37) who found that the 
feeding of thyroid resulted in an increase in the concentration 
of the protein component of the d-amino acid oxidase present in 
liver. A correlation between metabolic activity in the animal 
and the concentration of a protein constituent of an enzyme was 
clearly indicated. It is interesting to note that the metabolic 
changes did not affect the d-amino acid oxidase content of the 
kidney. This is in agreement with our findings that the changes 
in the liver were considerably more significant than those in the 
kidney. Lyman and Barron (31) are of the opinion that the 
ingestion of diethylene glycol affects the activating protein of a 
series of oxidizing enzymes in rat kidney. 

It is apparent that the riboflavin-adenine dinucleotide coenzyme 
which is combined with the specific protein to form the d-amino 
acid oxidase represents only a portion of the total riboflavin- 
adenine dinucleotide content of tissue. The number of other 
enzymes which contain the same dinucleotide as their prosthetic 
group have already been discussed. The effect of riboflavin 
deficiency is in all probability not limited to its effect on the d- 
amino acid oxidase alone. Other riboflavin enzyme systems are 
undoubtedly involved, each deficiency contributing to the sum 
total of physiological effects observed in a riboflavin avitaminosis. 


SUMMARY 


A riboflavin deficiency in the rat results in a lowering of the 
d-amino acid oxidase content of its liver and kidney. The effect 
is more pronounced in the liver than in the kidney. A marked 
decrease in the riboflavin content of the liver is also observed. 
Restoration of the d-amino acid oxidase content to its normal 
value is accomplished by supplementation with riboflavin. When 
a growth stimulation results from addition of riboflavin alone 
to a partially synthetic ration deficient in more than one member 
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of the vitamin B complex, further supplementation with other 
members of the vitamin B complex facilitates the complete 
synthesis of the enzyme. 


12. 
13. 
14. 
15. 
16. 
17. 
18. 


19. 
20. 
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PROGRESS OF HYPERVITAMINOSES D, AND D; AND RE- 
COVERY IN RATS, AS AFFECTED BY DIETARY CAIL- 
CIUM AND PHOSPHORUS AND VITAMIN A* 


By AGNES FAY MORGAN, NOBUKO SHIMOTORI, 
anp JEANNETTE B. HENDRICKS 


(From the Laboratory of Home Economics, University of California, Berkeley) 
(Received for publication, April 1, 1940) 


This study was undertaken in order to determine whether the 
findings of Harris and Innes (1), Shelling (2), Brown and Shohl 
(3), and Bills and Wirick (4) concerning the importance of dietary 
calcium and phosphorus in hypervitaminosis D could be con- 
firmed when purified diets are employed. Most of these investi- 
gators used diets of high cereal content and vitamin D preparations 
of imperfectly known potency. Also we thought that some light 
on the mode of action of vitamin D in therapeutic amounts might 
be obtained from the study of the effects of moderately excessive 
dosages. 

In the present study four vitamin D sources were used, (1) a 
concentrate made from tuna liver oil, containing probably chiefly 
the product identified by Brockmann and Busse (5) with irradiated 
7-dehydrocholesterol, and (2) an irradiated animal sterol product 
of invertebrate origin (delsterol),! both designated vitamin Ds, 
(3) an irradiated ergosterol,? and (4) crystalline calciferol,? both 


* Part of this study was reported before the American Society of Bio- 
logical Chemists at Toronto, April 27, 1939, and at New Orleans, March 
16, 1940. 

Assistance in this study was rendered by the Works Progress Administra- 
tion, Official Project 665-08-3-330, Unit A24. 

! We are indebted for this product to Dr. J. Waddell of E. I. du Pont de 
Nemours and Company, New Brunswick, New Jersey. 

? This preparation had a value of 1,000,000 v.s.P. units of vitamin D per 
gm. and was kindly supplied to us by Dr. C. E. Bills of Mead Johnson and 
Company. 

* Kindly supplied to us by the Winthrop Chemical Company, Inc. 
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designated vitamin D,. In addition, parathyroid extract‘ was 
administered to animals fed the same diets of varying calcium and 
phosphorus content. 

Many of the studies of hypervitaminosis D have involved the 
use of enormous excesses of the vitamin, sometimes in a single 
dose, as in the work of Ham and Portuondo (6), sometimes over 
prolonged periods, as in the work of Shelling and Asher (7). In 
this series the attempt was made to administer the smallest 
amount of the preparations which could produce detectable toxic 
effects in a relatively brief period. Two experiments were per- 
formed, hereafter designated Experiments 1 and 2. 

In Experiment 1 eight litters of rats comprising 77 animals were 
placed when 28 days old, weighing 54 to 66 gm., on the basal diet 
made up as follows: egg albumin 10, wheat gluten 10, agar 2, 
Crisco 15, corn-starch 59, and salts 4 per cent. 

Three salt mixtures were used, so that Diet 5 contained optimal 
amounts of calcium and phosphorus, Diet 4 no calcium, optimal 
phosphorus, and Diet 3, no phosphorus, optimal calcium. The 
composition of these salt mixtures and other details of procedure 
have been published previously (8). Harris yeast vitamin extract 
100 mg. and crystalline thiamine chloride 5 y per rat per day were 
given as sources of the B vitamins. 

The litters were divided as evenly as possible as to sex and 
weight into three groups to be fed these diets and each of these 
groups then subdivided into other groups to receive the vitamin D 
or parathyroid extract supplements. The supplements, per gm. 
of body weight per day, were as follows: Group 1, 6-carotene in 
corn oil, 125 y equivalent to 75 units of vitamin A; Group 2, tuna 
liver oil, 75 units of vitamin A and 63 units of vitamin D;; Group 
3, irradiated ergosterol, 200 units of vitamin D2, and carotene 
equivalent to 75 units of vitamin A; Group 4, parathyroid extract 
0.4 unit, carotene equivalent to 75 units of vitamin A. In addi- 
tion two groups of controls were fed the low calcium and low phos- 
phorus diets and given (Group 5) carotene in corn oil, 34 y equiv- 
alent to 20 units of vitamin A per rat per day; Group 6, cod liver 
oil, 10 units of vitamin D; and 50 units of vitamin A. 

In Experiment 2, 109 rats from eleven litters were similarly 


* Kindly supplied by E. R. Squibb and Sons. 
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divided, placed on the basal diet, and one animal from each 
litter sacrificed at once in order to determine tissue composition 
at the outset. The three diets of varying calcium and phosphorus 
content were again used but this time an attempt was made to 
equalize the Mg content of all the diets. The vitamin B com- 
plex was supplied from thiamine chloride 5 y, rice bran concen- 
trate 100 mg., riboflavin 10 y, and Harris yeast concentrate 100 
mg. per rat per day. This change was made because in Experi- 
ment 1 certain changes in the fur and skin indicated possible 
slight deficiencies in some of the vitamin B factors. The supple- 
ments of vitamin A were supplied by a refined soup-fin shark liver 
oil which contained 130,000 v.s.p. units of vitamin A and 85 
units or less of vitamin D per gm. The activated animal sterol 
(delsterol) was used as source of vitamin D3, a product which con- 
tained 300,000 units of vitamin D per gm. As source of vitamin 
D, pure crystalline calciferol was used. All of these products were 
assayed in our laboratory by the v.s.p. XI official methods for 
vitamins A and D. 

The supplements were given to the groups in the following 
amounts: Group 1, standard cod liver oil providing 10 units of 
vitamin D; and 80 units of vitamin A per rat per day; Group 2, 
200 units of vitamin A from shark liver oil and its accompanying 
0.1 unit of vitamin D; per gm. of body weight per day; Group 3, 
200 units of the vitamin D, (activated animal provitamin D in 
corn oil) per gm. of body weight per day and 10 units (total per 
rat) of vitamin A from the shark liver oil; Group 4, 200 units of 
the same vitamin D; and 200 units of vitamin A from refined soup- 
fin shark liver oil per gm. of body weight per day; Group 5, 
200 units of vitamin D, as crystalline calciferol and 200 units of 
vitamin A from shark liver oil per gm. of body weight per day. 

The calcium, magnesium, and phosphorus contents of these 
diets are shown in Table I. 

Procedure in Experiment 1—After 4 weeks all surviving animals 
were killed, serum calcium and inorganic phosphorus determined, 
one tibia of each saved for examination, and the femurs dried, 
extracted with alcohol and ether, ashed, and P, Ca, and Mg con- 
tents determined. The heart, one lung, and one kidney were 


* The shark liver oil was given us by Mr. T. Sanford of the F. E. Booth 
Company, Berkeley, California. 
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dried, ashed, and analyzed for Ca and P content. The method of 
Fiske and Subbarow (9) was used for P determinations, that of 
Larson and Greenberg (10) for Ca; the Mg was determined by 
precipitation as magnesium ammonium phosphate, followed by 
determination of the P content of the precipitate by the method 
of Fiske and Subbarow. The other kidney and lung were sec- 
tioned and examined microscopically. The food intake was 
carefully recorded and weight gains or losses considered in relation 
to it. 

The unusually good growth of the group on the low calcium 
diet, fed high carotene and no vitamin D, led us to question 
whether the extra vitamin A was of significance. We then placed 
sixteen more animals on the low calcium and low phosphorus 


TABLE I 
Mineral Content of Diets 


aa — Ca Me P Ca:P Designation 
oO. 
per cent per cent per cent 

5 l 0.51 0.020 0.34 1.5 Normal 
2 0.54 0.033 0.46 1.2 

4 I 0.025 0.127 0.34 0.07 Low Ca-adequate P 
2 0.037 | 0.037 0.47 0.08 

3 l 0.64 0.046 0.025 25.6 Adequate Ca-low P 
2 0.79 0.038 0.032 | 24.7 


diets with low carotene (Group 5) and normal vitamin intake from 
cod liver oil (Group 6). 

Procedure in Experiment 2—Several of the animals in each group 
were killed after 28 days and in addition to the same examinations 
listed for Experiment 1 vitamin A analyses of the liver were also 
made. Part of those remaining in each group were continued on 
the same régime for another 28 days, then sacrificed. From the 
diet of the rest in each group the excess vitamin D was removed 
from the 28th to the 56th day, so that the rate of recovery from 
the hypervitaminosis might be noted. 

Growth and Food Utilization—As may be seen in Fig. 1, the 
growth of all groups in Experiment 1 on the normal diet except 
that given excess irradiated ergosterol was satisfactory although 
not optimum. The gain per 100 gm. of food eaten was nearly the 
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same, 23 gm. in the high carotene, tuna liver oil, and parathyroid 
groups. Those given irradiated ergosterol lost weight, although 
they ate about half as much as the others, and two died after 14 
and 21 days. 

The rats on the low calcium diet with tuna liver oil and ir- 
radiated ergosterol grew nearly as well as those on the normal 
diet, particularly the former group, and the parathyroid-treated 
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Fic. 1. Growth of rats used in Experiment 1. Normal, Diet 5; low P, 
Diet 3; low Ca, Diet 4. The groups received the following: (Group 1, 
hi carotene) carotene only; excess tuna liver oil (Group 2) ; excess irradiated 
ergosterol and carotene (Group 3); carotene only, parathyroid extract 
injected (Group 4, parathormone); small amount of carotene only (Group 
5, low carotene); therapeutic amount of cod liver oil (Group 6). 


animals also grew, but more slowly. Food utilization was about 
alike in these three groups, 21 to 24 gm. gain per 100 gm. of in- 
take. The low carotene and cod liver oil groups on the other 
hand grew only about one-half as much, although food intake was 
nearly the same. None died during the course of the experiment 
and all appeared in good condition. 

The rats on low P diets on all vitamin doses grew almost not at 
all and ate much less than the others. The group given ir- 
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radiated ergosterol was in the worst condition and one died after 
11 days. 

Clearly either low vitamin D or excessive D, or D; intake was of 
no advantage to the rats fed the low phosphorus diet but de- 
cidedly favored total growth in the animals on the low calcium 
diet. 


removal of vitamin D 


dotted lines = period following LOW P LOW CA 
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Fic. 2. Growth of rats used in Experiment 2. Normal, Diet 5; low P, 
Diet 3; low Ca, Diet 4. The groups received the following: cod liver oil 
in therapeutic amount (Group 1, CLO); shark liver oil only (Group 2, 
hiA); excess delsterol and a small amount of shark liver oil (Group 3, 
loA-D;); excess delsterol and excess shark liver oil (Group 4, hiA-D,); 
excess calciferol and excess shark liver oil (Group 5, hiA-D,). 


In Experiment 2 quite similar results were seen (Fig. 2) but 
the greater excess of vitamin D,; (delsterol), compared with the 
tuna liver oil concentrate used in Experiment 1, produced growth 
and food utilization results on all the diets like those of the 
excess vitamin D, but was usually more unfavorable. A striking 
difference was seen, however, in the recovery rates after the excess 
vitamin was discontinued. The groups which had had excess 
vitamin D,; recovered in all cases more rapidly and completely 
than did those which had had the excess D,. This was especially 
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Serum Composition and Femur Ash of Rats Given Excess Amounts of 
Vitamin D from Various Sources 


Diet 


Mggestnent 
°o. 


1 | 5. Normal 


3. Low P 


4. Low Ca 


2 5. Normal 


Group No. and supplements 


_ 


or 


. Carotene 
. Tuna liver oil 
. Irradiated ergosterol 


and carotene 


. Parathyroid extract 


and carotene 


. Carotene 
. Tuna liver oil 
. Irradiated ergosterol 


and carotene 


. Parathyroid extract 


and carotene 


. Low carotene 

. Cod liver oil 

. Carotene 

. Tuna liver oil 

. Irradiated ergosterol 


and carotene 


. Parathyroid extract 


and carotene 


. Low carotene 
6. 


Cod liver oil 


. Cod liver oil (control) 


. Shark liver oil (con- 


trol) 


. Exeess delsterol and 


low vitamin A 
(from shark liver 
oil) 


. Excess delsterol and 


shark liver oil 


. Excess calciferol and 


shark liver oil 


| No. of rats 


og oy 


uo 


° 
J 


~ > or oro 
Sess 


ou 


o 


tom or co tos | 


Nowe dw wer 


| 56 


ing period 


Length of feed- 


28 
25 


29 


29 


30 


56* | 


56 
56* 


56* 


| 12. 


Serum, ~ per 
100 mi. 


Ca 


9.7 
15.0 
18.2 


14.9 


13.3 


14.4 
13.8 


wm wo ¢ 


13. 


10.0 


8.5 


12.0 

9.3 
10.5 
10.7 
14.3 
13.9 
10.9 


12.3 
15.4 
13.0 
15.2 
15.9 


10.9 


£2 
=~ 
——— 
et 3 
SsE5 
p | §83 
ee 
9.0 | 55.2 
8.8 52.9 
7.6 44.7 
8.3 53.8 
2.8 | 41.5 
3.1 | 41.6 
2.9 41.1 
3.7 | 45.8 
42.6 
45.5 
8.3 | 39.1 
9.1) 36.1 
9.3 | 35.4 
8.3 | 36.8 
37.4 
34.6 
5.9 55.8 
6.8 | 62.7 
6.7 55.3 
8.4 56.4 
10.6 | 43.8 
10.7 | 40.9 
7.8 | 57.9 
6.7 | 47.1 
9.6 | 47.7 
7.7 | 57.3 
6.7 | 46.3 
10.9 51.6 
54.0 


9.7 
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TaBLE II—Concluded 


; g| dz mat aes 
E Diet Group No. and supplements E z 2 a°3 
days 
2 | 3. Low P 2. Shark liver oil (con- 4 28 9.2 6.2 | 41.3 
trol) 5 | 56 12.4 6.4 49.8 
4. Excess delsterol and 7 | 28 13.0 6.2 | 43.0 
shark liver oil 2 | 56 14.6 48.8 
2 | 56* | 14.1 6.7 41.7 
5. Excess calciferol and | 4 | 28 10.5 | 4.0 | 44.0 
shark liver oil 3 | 56 8.8 46.8 
2 | 56* 8.3 | 45.5 
4. Low Ca | 2. Shark liver oil (con- | 4 | 28 6.3 | 6.3 | 37.7 
trol) 4 56 9.5 9.3 | 38.7 
4. Excess delsterol and 3 28 10.2 6.7 34.2 
shark liver oil 3. 56 13.9 | 11.6 | 36.7 
2 56* | 10.4 | 11.5 | 36.0 
5. Excess calciferol and 3 28 7.9 6.0 36.7 
shark liver oil 3. 56 10.6 10.7 39.5 
2 56* 6.8 


36.1 


* Excess vitamin D discontinued after the 28th day. 


notable in the case of the group on the low phosphorus diet. The 
animals on the low calcium diet on the other hand were all un- 
favorably affected by the discontinuance of the excess vitamin D- 
in both forms. 

Femur Ash—As shown in Table II, for Experiment 1 all groups 
on the normal diet except those given excess vitamin D, had nor- 
mal bone ash content, 52 to 55 per cent. On excess vitamin D, 
this was lowered to 44.7. The bone ash of all those on the lew 
phosphorus diet was low, 41 to 46 per cent. The rats given cod 
liver oil in small quantity had 45.5 per cent bone ash and those 
given parathyroid extract 45.8 per cent. These two groups were 
also in better condition throughout than the others. All rats on 
the low calcium diet had poorly calcified femurs, 34 to 39 per 
cent ash, the two carotene groups having the highest. 

In Experiment 2 (Table II and Fig. 3) similar conditions were 
found except that the excess vitamin Dy, (as delsterol) as well as 
D, caused the same decreases in ash content of the femurs of the 
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animals fed the normal diet. The group with low vitamin A and 
excess D; had lower femur ash than any of the others. When the 
excess vitamin D was discontinued, an increase in femur ash oc- 
curred on the normal diet, greater in the vitamin D; than in the 
D, groups. Again the low P diets produced femur ash values of 
41 to 49 per cent, with little discernible effect of the excess vitamin 
D. On the low Ca diets again the femur ash was 34 to 39 per cent 
and the excess vitamin D had little effect. Apparently the lack 
of the necessary Ca and P in the diets has so overwhelming an 
effect on the bone calcification as to mask the excess vitamin D 
effect if such exists. 


n:sacrificed at 4 wks 
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Fic. 3. Femur ash and its content of Ca, Mg, and P (Experiment 2) 
affected by dietary Ca and P and vitamin D. The groups and diets are 
designated as in Fig. 2. 


In spite of wide variations in the ash content of the femurs of 
different groups, the Ca, Mg, and P composition of the ash re- 
mained remarkably constant (Fig. 3). 

Serum Composition—Total Ca and inorganic P of the sera were 
determined in all groups with the results shown in Table II. On 
normal and low Ca diets the serum P varied very little, being 7 
to 9 mg. per cent. But on the low P diet in Experiment 1 very 
low values were seen, all being close to 3 mg. per cent, with the 
parathyroid group highest. In Experiment 2 all the values for 
serum P were fairly close together and higher, up to 8.8 mg. per 
cent. 

In general, serum Ca was most increased by excess vitamin D 
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and parathyroid extract in Experiment 1 on the normal diet and 
least on the adequate Ca-low P diet. Slight hypercalcemia existed 
in rats fed the low P diet even without excessive vitamin D supple- 
ments. The excess vitamin D had little effect on the already 
heightened level. Low levels of serum Ca occurred on the low 
Ca diet in all but in the excess vitamin D, and D; groups and in 
these only slight hypercalcemia occurred. In Experiment 2 the 
same range was found. 

The relatively mild effect of parathyroid extract and vitamin 
D on serum Ca in the group on the low P diet confirms the findings 
of earlier experiments in this laboratory (8, 11) on rats and dogs 
in which rachitogenic cereal and purified diets were used. Com- 
bination of the two substances, vitamin D and parathyroid extract, 
was found in these former studies to produce immediate and large 
increases in serum Ca. 

Liver Vitamin A—The reserves of vitamin A in the livers of all 
animals used in Experiment 2 were measured by the antimony 
trichloride test in which the Lovibond tintometer and the pro- 
cedure of Davies (12) were employed. Expressed as blue units 
per gm. of fresh liver, the amount of vitamin A found in all 
groups was proportional to the intake. All animals which re- 
ceived the large daily ration of 200 units of vitamin A per gm. of 
body weight had 4000 to 22,000 blue units per gm. of liver, with 
most of the values in the upper range. The concurrent excess of 
vitamin D, or D; appeared to exert little influence on the vitamin 
A storage. In the two groups which received lower amounts of 
vitamin A, a total of 70 units from cod liver oil and 10 units from 
shark liver oil per rat per day, both with normal diet, the liver 
vitamin A was strikingly lower, 1400 blue units per gm. of liver 
at 28 days and 480 units at 56 days in the former and 11 to 59 units 
in the latter. 

Tissue Calcium and Phosphorus——None of the soft tissues of 
animals of the low Ca group in Experiment | showed abnormal 
values of Ca and P (Fig. 4) nor did those from animals on the 
normal diet except in the groups given excess vitamin D,. How- 
ever, some increase in tissue Ca, particularly in the kidneys, was 
seen in all but the high carotene group of the rats fed the low P 
diet. This was especially striking in the low carotene group, a 
finding which confirms the impression that kidney stone forma- 
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tion may result from even border line deficiency of vitamin A. 
The most potent combination for the formation of kidney cal- 
cification would appear to be the low P, excess vitamin D, low 
vitamin A diet. The parathyroid treatment was no more effec- 
tive in producing tissue calcification than the relatively mild 
hypervitaminosis produced by the tuna liver oil. Actual stones 
were found in the kidneys of some of these rats fed low carotene 
and excess vitamin D, but diffuse calcareous deposits were more 


generally seen. 
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Fia. 4. Ca and P of hearts, lungs, and kidneys of rats used in Experiment 
1. The groups and diets are designated as in Fig. 1. 


In Experiment 2 these findings were confirmed. The striking 
rise in all soft tissue calcium (Fig. 5) of the rats on the normal 
diet with low vitamin A and excess delsterol overshadowed the 
rises in all other groups. The delsterol excess on all diets pro- 
duced more soft tissue calcification than did the vitamin D, and 
this difference was intensified when the experimental period was 
prolonged to 56 days. But when the excess vitamin D was dis- 
continued after 28 days, resolution of tissue calcification was 
prompt and complete in the normal and low P groups which had 
been given delsterol but slow and incomplete in those which had 
received excess vitamin De. In all cases the rats fed the low Ca 
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diet and excess vitamin D, or delsterol had no abnormal tissue 
calcification except after withdrawal of such excess. 

The low P diet produced higher tissue P (Fig. 6) than did nor- 
mal or low Ca diets except in the lungs of the low vitamin A and 
cod liver oil groups on the low Ca diet in Experiment 1, and in the 
lungs and kidneys of the low vitamin A group on the normal diet 
in Experiment 2. The P content of the soft tissues varied much 
less than did the Ca in both experiments and on all diets. If all 
mineral desposits are reckoned as Cas(PO,)e, the percentage in- 
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Fie. 5. Ca of hearts, lungs, and kidneys of rats used in Experiment 2. 
The groups and diets are designated as in Fig. 2. 


crease in P required as an accompaniment to even a large relative 
increase in Ca is negligible. For instance the increase of Ca in 
kidneys and lungs of the low vitamin A-high vitamin D; group 
from 0.5 mg. per gm. of dry tissue to 22 and 24 mg. (a 44- or 48- 
fold increase) produced an increase in P to 19 and 35 from the 
normal of 9 mg. per gm. of dry tissue, only a 2- or 4-fold increase. 
The calculated increase in P if the added Ca was laid down as 
Cas(PO,)2 is 11 or 12 mg., making the total 21 or 22 mg., to be 
compared with 19 and 35 mg. found. 

Microscopic Appearance of Tissues—Histological study of kid- 











Morgan, Shimotori, and Hendricks 773 


neys and lungs yielded the interesting observation that many 
kidney tubules of rats without vitamin D on the low Ca diet were 
extensively dilated, with reduction of the epithelium to a thin 
lining. Other tubules showed obliteration of lumen and were 
undergoing degeneration. No calcareous deposits were seen. 
On the same diet with excess vitamin D the tubules were more 
nearly normal. Most of the low Ca group had enlarged fatty 
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Fia. 6. P of hearts, lungs, and kidneys of rats used in Experiment 2. 
The groups and diets are designated as in Fig. 2. 
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Caleareous deposits in the kidneys were seen in the group 
receiving excess vitamin D, on both the normal and low P diets. 
The kidneys of these groups showed cloudy swelling of tubular 
epithelium. Some of the tubules had moderate cystic dilation 
and were lined with flattened and hypernucleated epithelium, 
while some were collapsed or necrotic. Particularly in the group 
fed low vitamin A and excess D, there were streaks of connective 
tissue about the necrotic or collapsed tubules and these were 
most concentrated in the area of the cortico-medullary junction. 
These persisted even after removal of excess vitamin D. 

The parathyroid-treated rats had swollen tubules in the low 
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Ca group but calcified spots on the kidney in the other two diet 
groups. 

Kidney Enlargement—UHypertrophy of the kidneys occurred in 
all of the animals which were unfavorably affected by the hyper- 
vitaminosis. The ratio of the weight of the fresh kidneys to the 
body weight of normal rats is stated by Donaldson (13) to be 4.2 
to 5.5 mg. per gm. of body weight. The rats on the norma! diet 
without excess vitamin D in Experiment 2 had a kidney-body 
weight ratio of 4.4 to 5.3. With low vitamin A and excess vita- 
min Dy; the ratio was 10.0 and on discontinuance of the excess D; 
it was lowered after 28 days to 4.6. The groups with excess 
vitamin A as well as excess D had kidney ratios of 6.0 to 7.6. 
On the discontinuance of the excess vitamin D; the ratio fell to 
4.8 but discontinuance of the excess D, had no effect. On the 
low P diet the kidney ratios with and without excess vitamin D 
ranged from 6.9 to 11.8 and on the low Ca diet from 5.4 to 6.5. 
In most cases the ratio was in the normal range on the low Ca diet 
but was in all cases indicative of hypertrophy on the low P diet. 
In the low Ca group on the other hand the tubules were enor- 
mously dilated, with typical hydronephrosis, the kidney proper 
appearing to be a mere shell, except when excess vitamin D was 
given. As shown by Day and McCollum (14), on low P intake 
large amounts of Ca are excreted by the kidney but on low Ca 
intake P is excreted in large amount in the urine (15). Ap- 
parently the excess Ca excretion promotes renal hypertrophy 
more than does P excretion but the latter is more damaging to the 
kidney tissue. MacKay and Oliver (16) reported kidney hyper- 
trophy and highly specific tubule damage in rats when the inor- 
ganic phosphate of the diet was considerably raised. There was 
no decrease in the calcium content of their diets, however, as 
there was in the experiments here reported. The same kind and 
location of damage to the tubules were found in our rats fed low 
Ca. Connective or fibrous areas were seen in the kidneys of 
rats which had been allowed to recover from the hypervita- 


minosis D. 


DISCUSSION 


These findings do not support the conclusion that vitamin D 
operates solely by increasing the net absorption of Ca or P or of 
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t both from the intestine nor do they indicate that serious derange- 
ment of the Ca: P ratio may be counterbalanced or even much 
) affected by vitamin D intake. On both low P and low Ca diets 
‘ there was no obvious improvement in bone calcification by either 
; excessive or moderate doses of vitamins D, or D3. The improve- 
J ment in growth of soft tissue seen in the high vitamin D groups 
L on the low Ca diet compared with the group on the same diet 
without vitamin D must be the result of better P utilization, 
, although dietary P and serum P were both adequate in the control 
; animals which showed no such improvement. Obviously no 
improvement in bone structure or Ca use occurred, although 
serum Ca was raised to normal in the better growing animals on 
excess vitamin D. 

There was no improvement in growth, bone ash, or serum P 
in the rats fed the low P diet with the excess vitamin D and only 
slight improvement in those given either parathyroid extract or 
small amounts of cod liver oil. This is in striking contrast with 
the effects many times seen in animals on cereal diets of low P. 
The explanation offered by Schneider and Steenbock (17) for 
this difference which they observed also with similar diets but 
without use of excess vitamin D is that the total quantity of P 
retained on the cereal diet (Ration 2965) is largeenough to pro- 
vide for both bone and soft tissue P but on their extremely low 
P purified diet the absolute quantity of P retained was too small 
to allow soft tissue growth and instead was used only for bone 
} formation. Day and McCollum (14), on the other hand, with 
similar but more severely P-low diets found only negative P 
balances, even though adequate amounts of vitamin D were given 
and there was some growth for 5 or 6 weeks. They conclude 
that the P for soft tissue growth was supplied by the bone. 

As may be seen in Figs. 4 and 6, there was no consistent change 
in the P content of any of the tissues of our rats and there was 
no marked improvement in either bone formation or soft tissue 
growth due to either normal or moderately excessive vitamin 
D intake on the low P and normal diets. On the other hand with 
the low Ca diet the excess vitamin D promoted soft tissue growth 
but was without benefit to bone formation. 

There would appear then to be only one diet, the rachitogenic 
cereal diet, with which it has been shown that vitamin D effects 
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significant increase in bone calcification in rats. Schneider and 
Steenbock (17) obtained 46 per cent increase in P content of bone, 
from 44.1 to 64.5 mg. per gm. of dry weight, when 50 units of 
vitamin D, per day were fed for 2 weeks to rats on the cereal 
diet but only 20 per cent, 7.e. from 36.9 to 44.5 mg. per gm. of dry 
weight, under the same conditions in rats fed their purified low P 
ration. The failure of growth which they observed in the latter 
group was also manifest in all our rats given excess vitamin D 
except those on the low Ca diet. But withdrawal of P from soft 
tissues for bone growth could not, as they suggest, explain this 
stoppage of growth in our groups which received the normal diet. 
Withdrawal of Ca from bone, however, might be assumed to 
occur in the low Ca-fed rats which grew under the influence of 
vitamin D if Ca were required in any significant amounts for 
soft tissue growth. Certainly the bone ash of these rats was 
decreased, while the soft tissue weight was increased. The 
condition of the kidneys also indicated that conservation of 
dietary P for soft tissue growth was promoted by vitamin D on 
the low Ca diet. 

If vitamin D increases Ca absorption, it should improve bone 
formation on low Ca diets and should have little effect on soft 
tissue growth, the latter requiring chiefly P mobilization. But the 
conditions observed were the opposite, failure of bone calcifica- 
tion and improved soft tissue growth. 

If vitamin D mobilizes P from soft tissues, it should improve 
bone formation and retard soft tissue growth on the low P diet. 
But only depression of growth was noted. 

If parathyroid extract has no effect on Ca absorption but merely 
increases P excretion as is often stated (Albright, Sulkowitch, 
and Bloomberg (18)), the improved bone ash of the parathyroid 
group on the low P diet and the general resemblance of the findings 
on these animals to those of the cod liver oil and tuna liver oil 
groups are hard to understand. Parathyroid extract should 
exaggerate the bad effects of a low P diet and mitigate those of a 
high P (relative to Ca) diet. But the opposite conditions ap- 
peared in this study. 

On each of the three diets the groups treated with parathyroid 
extract and those given a moderate excess of vitamin D, in tuna 
liver oil and a minimum amount in cod liver oil presented nearly 
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the same results. This was true of the rats given the low Ca 
diet, even though the serum Ca produced in these three groups 
varied, 10.0, 12.3, and 8.5 respectively. 

Recovery from Hypervitaminosis——On the two diets, normal and 
low P, with which excesses of vitamin D produced obvious symp- 
toms of hypervitaminosis in Experiment 2, vitamin D as delsterol 
caused greater damage than did corresponding excess of vitamin D, 
(as irradiated ergosterol or calciferol). More animals died, less 
growth was obtained, and there were more soft tissue calcification 
and less femur ash. During the recovery period, however, 
quite opposite results were seen. The rats relieved of excess 
delsterol began to grow rapidly and after 28 days presented better 
conditions in both soft tissues and bones than the corresponding 
groups relieved of excess vitamin D,. This was particularly 
obvious in the rats on the diet of low P content. There was no 
group fed low vitamin A and excess D2, but the extremely de- 
pressed condition of the group given little vitamin A and excess 
delsterol was noticeably contrasted with the rapid recovery of all 
these animals when relieved of the latter excess. The groups 
which received the excess delsterol and excess vitamin A were 
much less adversely affected and also made rapid recovery when 
the excess D was removed from the diet. Those which received 
vitamin D, (calciferol) had somewhat less rapid and profound 
failure of appetite and growth and less tissue damage than did 
those receiving delsterol but those which were relieved of the 
excess recovered more slowly. In Fig. 5 the amount of soft tissue 
calcification is seen to illustrate this difference. The corresponding 
lowering of the femur ash, in inverse order, is shown in Fig. 3. 
Tissue P varied less consistently with the progress of the hyper- 
vitaminosis. The soft tissue P tended to be constant, slightly 
higher on the low P diet than on the other diets, and not increased 
significantly by excess vitamin D except in the group with low 
vitamin A intake. 

The entire picture of progress of, and recovery from, the hyper- 
vitaminosis is consistent with the view that the irradiated animal 
sterol (delsterol, vitamin D; ?) is more rapidly and completely 
absorbed than is irradiated ergosterol (calciferol, vitamin De) 
and is likewise more rapidly and completely excreted. Studies of 
fecal and blood vitamin D during and after administration of 
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moderately excessive doses of these two substances are now under 
way in an effort to confirm this hypothesis. 

Earlier experiments (19) in this laboratory conducted in a 
similar way but with only the normal diet, irradiated ergosterol, 
and fish liver oil concentrates yielded results which justified the 
conclusion that the hypervitaminosis produced by the former 
was the more severe, although the difference was not striking 
when the accompanying vitamin A intake was equalized. The 
greater severity of the symptoms produced by delsterol in the 
experiments here reported when compared either with the effects 
of excess tuna liver oil in this and in the previous studies or of 
-alciferol and irradiated ergosterol in the present study is difficult 
to explain unless delsterol is not identical with the provitamin D 
(D;) of tuna and cod liver oils. 


SUMMARY 


1. The levels of both calcium and phosphorus and their ratio 
in the diet were the primary factors in production of normal femur 
calcification of young rats whether normal or excess amounts of 
vitamins D, and D; were given or chronic moderate hyperparathy- 
roidism was produced by injection of parathyroid extract. 

2. The damaging effects of the low phosphorus, purified diet 
were not mitigated by administration of either excess or minimum 
doses of vitamin D or parathyroid extract. This is in contrast to 
the results seen with high calcium-low phosphorus cereal diets. 

3. The low calcium diet did not produce normal bone under any 
of these conditions but with excess vitamin D produced more 
nearly normal soft tissue growth. In addition, normal kidney 
structure occurred in the latter groups but damaged tubules in 
the controls without vitamin D. 

4. Chronie mild parathyroid treatment (0.4 unit per gm. of 
body weight daily) without vitamin D had but little harmful 
effect with any of these diets and seemed to be advantageous with 
the low phosphorus diet, exerting a similar effect to that of normal 
amounts of cod liver oil. 

5. Excessive amounts (200 vu.s.p. units per gm. of body weight 
daily) of irradiated ergosterol or calciferol were most harmful 
with a diet of normal calcium and phosphorus content and ratio, 
and had toxic effects also with the adequate calcium-low phos- 
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phorus diet but only favorable results with the low calcium-ade- 
quate phosphorus diet. The same amounts of irradiated animal 
sterol (delsterol, presumably vitamin D;) produced similar but 
even more striking damage. 

6. Recovery from the toxic effects of excess of vitamin D as 
delsterol was more rapid and complete than from those produced 
by excess vitamin D,. This is interpreted to mean that in the rat 
both absorption and excretion of the vitamin D, are more efficient 
than is the case with vitamin Dz. 

7. Low vitamin A intake allowed greatly increased tissue cal- 
cification and other damaging effects of hypervitaminosis D. 
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DIMETHYL SULFONE; A CONSTITUENT OF THE 
ADRENAL GLAND 
Sirs: 

Ruzicka, Goldberg, and Meister' have just described the iso- 
lation of dimethyl] sulfone from the dried blood of cattle. We have 
encountered this compound several times in the preparation of 
adrenal steroids from fresh beef glands.? In the purification of 
the cortical hormones by the ether-acid-ether procedure*® the 
sulfone is concentrated in the aqueous acid. On washing with 
chloroform, a highly reducing fraction is obtained which yields 
the crystalline sulfone from a concentrated alcoholic solution. 
186 mg. of the crude crystalline sulfone were obtained from 1000 
kilos of glands. This represents about one-half the yield obtained 
by Ruzicka et al. from blood. The actual concentration of the 
compound in blood and tissues is no doubt much greater. 

Our preparation was purified by repeated sublimation in a 
vacuum and crystallization from ethyl alcohol. It then melted 
at 108°. In admixture with a synthetic sample of dimethyl] sul- 
fone (m.p. 109°) it melted at 109°. Analysis, calculated for 
C,H,0.8, C 25.51, H 6.43, 8 34.07; found, C 25.71, 25.70, H 6.03, 
6.23, S 33.68, 33.89. 

The occurrence of dimethyl sulfone in the adrenal gland is of 
particular interest, since Reichstein* has reported the isolation of 
bis-6-hydroxy ethyl sulfoxide from extracts of this organ. We 
have also isolated taurine and ethyl hydrogen sulfate as its potas- 


! Ruzicka, L., Goldberg, M. W., and Meister, H., Helv. chim. acta, 28, 
559 (1940). 

* Paper read before the Michigan Academy of Science, Arts and Letters, 
March 17, 1939. 

* Pfiffner, J. J., and Vars, H. M., J. Biol. Chem., 106, 645 (1934). Pfiff- 
ner, J. J., Wintersteiner, O., and Vars, H. M., J. Biol. Chem., 111, 585 
(1935). 

*Reichstein, T., Helv. chim. acta, 19, 41 (1936). Reichstein, T., and 
Goldschmidt, A., Helv. chim. acta, 19, 401 (1936). 
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sium salt. Still another sulfur compound has been obtained in 
crystalline but as yet impure form. It is seemingly new to the 
animal body. We hope to report on its identity in the near fu- 


ture. 


J. J. Prirrner 
H. B. Norru 


Research Laboratories 
Parke, Davis and Company 
Detroit 


Received for publication, May 22, 1940 

















THE ABSORPTION OF WATER-SOLUBLE VITAMIN K 
WITHOUT THE AID OF BILE SALTS* 


Sirs: 

It has been shown experimentally that the fat-soluble forms of 
vitamin K are not readily absorbed from the intestine unless bile 
salt is present.' However, there is no evidence as to whether bile 
salts are of importance in the utilization of the water-soluble 
forms of this vitamin. We wish, therefore, to present certain 
data bearing on this point. 

The compound used by us was the water-soluble hydrochloride 
of 4-amino-2-methyl-l-naphthol. It has been shown? that the 
activity of this compound is but little greater than that of the 
fat-soluble forms of the vitamin. A daily dose of 1 mg. was 
therefore deemed suitable, and this amount was given daily to a 
number of patients suffering from chronic obstructive jaundice. 
In one case the plasma prothrombin was 14 per cent of normal 
prior to administration of the compound. On the following day, 
it rose to 63 per cent of normal, on the 3rd day to 82 per cent, and 
4 days later to 94 per cent of normal. In the second case, the 
prothrombin rose from 54 per cent to a level of 80 per cent in 2 
days, and 5 days later a level of 107 per cent was recorded. In 
the third case, the initial prothrombin level was 37 per cent of 
normal. After 1 day of treatment, it rose to the 88 per cent level; 
on the 2nd day, the reading was 81 per cent, and on the 4th day 
103 per cent. 

The rapid response in the plasma prothrombin level in these 


* Aided by a grant from the John and Mary R. Markle Foundation, and 
by funds supplied by the Graduate College, State University of Iowa. 
The 4-amino-2-methyl-l-naphthol used in these studies was supplied 
through the courtesy of Parke, Davis and Company. 

' Greaves, J. D., and Schmidt, C. L. A., Proc. Soc. Exp. Biol. and Med., 
37, 43 (1937). Smith, H. P., Warner, E. D., Brinkhous, K. M., and Seegers, 
W. H., J. Exp. Med., 67, 911 (1938). 

*Emmett, A. D., Kamm, O., and Sharp, E. A., J. Biol. Chem., 133, 
285 (1940). 
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cases shows that the compound is readily absorbed and that bile 
salt medication, which tends to create nausea in the patient, is 
not necessary. These findings supplement the existing theory 
regarding vitamin K absorption. It is evident that the average 
diet does not contain any great amount of such water-soluble 
compounds; otherwise, patients with obstructive jaundice would 


not develop signs of vitamin K deficiency. 


H. P. Smiru 


Department of Pathology 
CHARLES A. OwEN 


State University of Iowa 
Towa City 


Received for publication, May 31, 1940 
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THE BIOLOGICAL ORIGIN OF THE AMIDINE GROUP 
IN CREATINE 
Sirs: 

Glycine has been shown, with the aid of isotopes, to be the 
source of the glycine moiety of the creatine molecule, while the 
nitrogen of the amidine group of the latter compound is derived 
from the a-nitrogen of other amino acids.' It has now been found 
that the amidine group of arginine serves as an intermediate in 
the biological synthesis of creatine. 

l(+-)-Arginine with N® in the amidine group was prepared by 
degradation of a-toluenesulfoarginine with baryta to a-toluene- 
sulfoornithine, treatment of the latter with isotopic methyl isourea 
(prepared from isotopic cyanamide), and hydrolysis of the result- 
ing toluenesulfoarginine. The arginine had a rotation in 4 N 
HCl of [a]” = +25.0°, and an isotope content of 8.33 atom per 
cent N® excess. 

The addition of a small amount of this material to the stock 
diet of normal full grown rats resulted in the appearance of muscle 
creatine with an isotope content far higher than that found after 
administration of isotopic ammonia, urea, or of any other investi- 
gated amino acids, except glycine. It was so high that the amidine 
group of creatine must have originated from that of arginine, 
which has recently been shown? to be continuously formed in 
normal animals from the a-nitrogen of various amino acids. Both 
automatic processes, the formation of the amidine group and the 
amidine transfer from arginine to glycine for creatine synthesis, 
are thus interlinked. 

Bergmann and Zervas* 12 years ago suggested the occurrence 
of this biological transfer of the amidine group on the basis of 
chemical experimentation. Triacetylanhydroarginine — easily 


' Bloch, K., and Schoenheimer, R., J. Biol. Chem., 183, 633 (1940). 
* Schoenheimer, R., and Rittenberg, D., Physiol. Rev., 20, 218 (1940). 
* Bergmann, M., and Zervas, L., Z. physiol. Chem., 172, 277 (1927). 
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yields this group to glycine to form guanidoacetic acid, which 
has been shown to be one of the intermediates in the biological 
creatine formation. 

Recently Borsook and Dubnofft have put forward evidence that 
the methyl group of creatine is derived from that of methionine.' 
This finding in conjunction with those obtained with isotopes 
establishes the biological origin of all parts of the creatine mole- 
cule. The carbon chain and 1 nitrogen atom are derived from 
glycine, the amidine group is derived from arginine, and the 
methyl group from methionine. 


Department of Biochemistry KonrAD BLocH 
College of Physicians and Surgeons Rupo.r SCHOENHEIMER 
Columbia University 
New York 


Received for publication, June 11, 1940 

‘ Borsook, H., and Dubnoff, J. W., J. Biol. Chem., 182, 559 (1940). 

5 The relation of methionine to biological methylation was brought out 
by the work of du Vigneaud et al. (du Vigneaud, V., Chandler, J. P., 
Moyer, A. W., and Keppel, D. M., J. Biol. Chem., 181, 57 (1939)), who 
have now extended the work to creatine. By marking the methyl group 
of this amino acid with deuterium they obtained unequivocal proof of the 
shift of this group to creatine. 














THE TRANSFER OF THE METHYL GROUP FROM 
METHIONINE TO CHOLINE AND CREATINE 
Sirs: 

We have recently shown that homocystine (homocysteine) can 
replace methionine in the diet of the white rat only in the presence 
of choline or certain related substances,':? and have suggested 
that choline enables the animal to synthesize methionine under 
these conditions. It was postulated that the fundamental process 
involved is a transfer of a methyl group from the nitrogen of 
choline to the sulfur of homocysteine. Furthermore it was sug- 
gested that the reaction might be reversible and thus methionine 
might act as a donor of methyl groups in the synthesis of choline 
in the body. 

It was realized that direct proof of the transfer of the methyl 
group (transmethylation) was highly desirable. We decided to 
attempt first to trace the migration of the methyl group from 
methionine to choline. A methionine was therefore synthesized 
containing deuterium in the methyl group. The trideuteromethy! 
iodide used in the synthesis’ was prepared from deuteromethy] 
alcohol, which had been made by reduction of CO with D, by 
the method of Zanetti.‘ The trideuteromethionine (23.9 atom 
per cent D) was fed at an average daily rate of 70 mg. (2.4 mg. of 
deuterium) for 3 weeks to rats kept on a methionine-choline-free 
diet. The choline chloroplatinates isolated from the tissues con- 
tained 32.2 and 31.7 atom per cent deuterium respectively, repre- 


du Vigneaud, V., Chandler, J. P., Moyer, A. W., and Keppel, D. M., 
Proc. Am. Soc. Biol. Chem., J. Biol. Chem., 128, p. eviii (1939). 

*du Vigneaud, V., Chandler, J. P., Moyer, A. W., and Keppel, D. M.., 
J. Biol. Chem., 181, 57 (1939). 

du Vigneaud, V., Dyer, H. M., and Harmon, J., J. Biol. Chem., 101, 
719 (1933). 

‘The authors wish to thank Professor Zanetti of Columbia University 
for allowing them the use of his laboratory and equipment to prepare the 
deuteromethy] alcohol. 
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senting 57.2 and 56.3 per cent of the theoretically possible amount 
if all the methyl groups of the choline had come from the deutero- 
methionine. 

In the original presentation of our data concerning the relation- 
ship of methionine to choline and to methylation,' it was suggested 
that “The methionine-homocystine-choline relationship may be 
significant, not only to sulfur and fat metabolism, but also to other 
problems of methylation in the animal organism.”’ As a direct 
extension of this concept, we sought for the presence of the deutero- 
methyl group in the creatine molecule. The creatine was isolated 
as creatinine from the muscle tissue of a rat that had been fed 
the deuteromethionine for 3 days. The deuterium content of the 
zine chloride complex was found to be 3.4 atom per cent D, which 
is equivalent to 9.1 per cent of the theoretical amount. A longer 
term experiment (8 weeks) gave 25.9 atom per cent D, equivalent 
to 69 per cent of the theoretical amount. 

From Borsook’s work it might appear that choline unlike 
methionine cannot yield a methyl group directly to guanidoacetic 
acid to form creatine.’ However, if homocysteine could act as an 
intermediary agent, transmethylation from choline to guanido- 
acetic acid might take place.*® 

The experiments reported herein provide, in our opinion, un- 
equivocal evidence that methionine may furnish the methyl 
groups of choline and creatine. The question of the relationship 
of methionine to other methylations in the body still remains. 
We would suggest that the presence of methyl groups in a utilizable 
form, such as in methionine and choline, may be essential in the 


diet. 

Department of Biochemistry VINCENT DU VIGNEAUD 
Cornell University Medical College JosePrH P. CHANDLER 
New York City MILDRED COHN 


GrorGce Boswortu Brown 


Received for publication, June 14, 1940 


5’ Borsook, H., and Dubnoff, J. W., J. Biol. Chem., 182, 559 (1940). 

* Of interest in this connection are experiments, as yet unpublished, in 
which we have found that the administration of choline or methionine 
brings about resumption of growth after an inhibition of growth caused by 
feeding guanidoacetic acid to rats on a diet suboptimal in methionine and 


free of choline. 











PREVENTION OF PEROSIS BY CHOLINE 


Sirs: 


A diet was described' which produced a high incidence of 
perosis in young turkeys. The addition of manganese up to a 
level of 0.4 per cent MnSQ, in the diet was found to have no pre- 
ventive effect, but yeast gave partial protection. Recently Hogan, 
Richardson, and Patrick,? working with chicks, have also described 
a situation in which perosis occurring in the presence of manga- 
nese was prevented by an organic factor. 

In the present investigation a modification of the previous diet! 
was used, consisting of yellow corn-meal 65 parts, dried skim milk 
15, washed casein 13, alfalfa meal 1, CaCO; 3, KH2PO, 1, NaCl 
(iodized) 0.5, MnSO, 0.1, fish oil blend (3000-A, 400-D) 1 (Diet 
161). Baby turkeys were placed on the diet at hatching and 
were observed at frequent intervals for perosis consisting of a 
distortion of one or both hock joints in lateral, medial, or anterior 
directions. Shortening and thickening of the bones of the leg, 
especially the tarsometatarsus, were accompanying symptoms. 
Perosis was first noted after 8 to 12 days in birds on the basal diet, 
and the number of cases increased to reach a maximum at 20 to 
30 days, by which time in some experiments all the birds were 
affected. On partially protective diets, symptoms appeared at 
about the same time as in the case of the basal diet, and reached a 
maximum at about 20 days, after which the milder cases frequently 
retrograded and the hock joints became straight during the next 
10 days. A test period of 28 to 35 days was used with ten to 
eleven birds in each group. 

It was found that the addition of a mixture of synthetic thi- 


' Jukes, T. H., Poultry Sc., 18, 405 (1939). 
? Hogan, A. G., Richardson, L. R., and Patrick, H., Proc. Am. Inst. 


Nutrition, J. Nutrition, 19, 14 proc. (1940). 
789 











790 Letters to the Editors 


amine® 1.2 mg., riboflavin® 1.8 mg., nicotinic acid* 3 mg., pyridoxine 
(vitamin Bs)* 0.9 mg., pantothenic acid 10 mg., and choline 
chloride 0.15 gm. to 100 gm. of basal diet gave complete protec- 
tion. Four of the components of this mixture were then fed sepa- 
rately with the results shown in the accompanying table. 

In another experiment a simplified diet was fed consisting of 
glucose (cerelose) 50 parts, washed casein 30, dried yeast* 10, salt 
mixture® 5, soy bean oil 4, fish oil blend 1. Perosis appeared in 9 
days, and at 19 days the incidence of perosis was 67 per cent, and 
the average weight was 131 gm. A second group of turkeys re- 


Per cent of birds showing perosis at 





Supplement to 100 gm. Diet 161 wee. é 
12 days 14 days 19 days 28 days 


None 71 71 85 85 
Synthetic vitamin mixture (see text) 0 0 0 0 
1 mg. thiamine 40 70 70 80 
10 ** nicotinic acid e 29 57 71 57 
10 ‘* pantothenic acid 25 50 50 38 
0.3 gm. choline chloride 0 0 0 0 


ceived the same diet plus 0.3 per cent of choline, and at 19 days 
there was no perosis, and the average weight was 200 gm. 

The results indicate that choline was effective in preventing 
perosis in turkeys under the conditions encountered. Choline 
promoted growth on a simplified diet. 


Division of Poultry Husbandry Tuomas H. JuKes 
College of Agriculture 
University of California 
Davis 


Received for publication, June 17, 1940 


* Supplied by Merck and Company, Inc., through the courtesy of Dr. 
J. C. Keresztesy. 

‘ Anheuser-Busch Strain G, kindly furnished by Mr. G. F. Siemers. 

5 Jukes, T. H., Proc. Soc. Exp. Biol. and Med., 42, 180 (1939). 
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Mecchi, Stokstad, and Manning, 


465 
Carboxypeptidase: Specificity, Hof- 
mann and Bergmann, 225 


Cardiac: See Heart 
Carotene: Fat and, oxidation, caro- 
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Dentin, adsorption, radioactive 
isotope in study, Volker, Hodge, 
Wilson, and Van Voorhis, 543 
Enamel, adsorption, radioactive 
isotope in study, Volker, Hodge, 
Wilson, and Van Voorhis, 543 


| 
} 





| 


Index 


Fluoride(s)—continued: 
Hydroxyapatite, adsorption, ra- 
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Volker, Hodge, Wilson, and 
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Hemophilus parainfluenzae, 
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Racemization, Johnson, 459 

-, heat effect, Arnow and Opsahl, 
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tion effect, Hyde, 95 
Creatinine excretion, ingestion 
effect, Hyde, 95 
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Glycogen: Liver, Marble, Graffin, 


and Smith, 253 
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Growth: Casein and casein digest 
effect, Mueller, Kemmerer, Coz, 
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tic properties, Ball, 177 
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radioactive, Miller and Hahn, 
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Aspartic acid oxidation, Klein, 


43 
l(+)-Glutamic acid oxidation, 
Klein, 43 


Histidine: Creatine excretion, in- 


gestion effect, Hyde, 95 
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effect, Hyde, 95 
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nism, Potter, 417 
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tion, radioactive isotope in 


study, Volker, Hodge, Wilson, 
and Van Voorhis, 543 
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reduction, kidney extracts, ef- 
fect, Grollman, Williams, and 


Harrison, 115 
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and vitamin A effect, Morgan, 
Shimotori, and Hendricks, 761 
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effect, in vivo, Greenblatt and 
Pecker, 341 
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cose absorption, effect, Filer, 
Stockholm, and Althausen, 283 

Iodine: Blood, Riggs and Man, 193 
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manganate acid ashing method, 
Riggs and Man, 193 

Iodoacetic acid: Growth effect, 


Stevenson and White, 709 
Sulfur metabolism, influence, 
Stevenson and White, 709 
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hemoglobin, Miller and Hahn, 
585 

Metabolism, radioactive isotope 
in study, Austoni and Greenberg, 
27 

-Porphyrin compounds, marine 
organisms, Ball and Meyerhof, 
483 

Radioactive, iron metabolism, 
use in study, Austoni and Green- 
berg, 27 
—, red blood cell hemoglobin, 


Miller and Hahn, 585 
Tissues, Austoni, Rabinovitch, 
and Greenberg, 17 
Isotope(s): d(+)-Leucine metab- 


olism and inversion, study by, 
Ratner, Schoenheimer, and Rit- 
tenberg, 653 
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Keto-/-gulonic acid: 2-, antiscor- 
butic properties, Ball, 177 
Ketone(s): Phenolic, urine, deter- 
mination, colorimetric, Talbot, 
Wolfe, MacLachlan, Karush, 
and Butler, 319 
Kidney: Creatine formation, Bor- 
sook and Dubnoff, 635 
Extracts, blood pressure reduc- 
tion, renal hypertension, effect, 
Grollman, Williams, and Har- 


rison, 115 
Phospholipid turnover, Sinclair, 
71 
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Lecithin(s): Liver, turnover, Sin- 
clair, 83 
Leucine: d(+)-, inversion, isotopes 
in study, Ratner, Schoenheimer, 
and Rittenberg, 653 

—, metabolism, isotopes in study, 
Ratner, Schoenheimer, and Rit- 
tenberg, 653 
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Leucine —conlinued: 

dl-, esters, Raney catalyst, reac- 
tion, Ovakimian, Christman, 
Kuna, and Levene, 151 

l-, esters, Raney catalyst, reac- 
tion, Ovakimian, Christman, 
Kuna, and Levene, 151 

Lipid(s): Blastomyces dermatiditis, 
Peck and Hauser, 403 

Blood, fasting and undernutrition 
effect, Entenman, Changus, 
Gibbs, and Chaikoff, 59 
, Sex hormones, crystalline, 
effect, Entenman, Lorenz, and 
Chaikoff, 495 

Metabolism, endocrine _ effect, 
Entenman, Lorenz, and Chai- 
koff, 495 
, hutrition state, relation, 
Entenman, Changus, Gibbs, and 
Chaikoff, 59 

Monilia albicans, Peck and 
Hauser, 403 

Liver: Arginase, Richards and 
Hellerman, 237 

Cephalins, turnover, Sinclair, 
83 

Creatine formation, Borsook and 
Dubnoff, 635 

Electrolytes, extracellular, de- 
pletion effect, Yannet and 
Darrow, 721 

Extract, fat synthesis and me- 
tabolism, effect, McHenry and 


Gavin, 683 
Fat, Marble, Grafflin, and Smith, 
253 

Glycogen, Marble, Grafflin, and 
Smith, 253 


Lecithins, turnover, Sinclair, 83 
Phospholipid turnover, Sinclair, 


71 

Water, Marble, Grafflin, and 

Smith, 253 
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Malonate: Triose phosphate oxida- 
tion, effect, Potter, 417 
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Manganese: Body tissue, determina- 
tion, Ray, 677 
Milk, determination, Ray, 677 
Organic material, determination, 
Ray, 677 
Marine organism (s) : Iron-porphyrin 
compounds, Ball and Meyerhof, 


483 

Succinic dehydrogenase, Ball and 
Meyerhof, 483 
Membrane(s): Cellophane, prepara- 
tion, Seymour, 701 
Metaphosphoric acid: -Protein re- 
action, Briggs, 261 


Methionine: Methyl group transfer 
to choline and creatine, du Vi- 


gneaud, Chandler, Cohn, and 
Brown, 787 
Milk: Dolphin, Eichelberger, 


Fetcher, Geiling, and Vos, 171 
Manganese determination, Ray, 
677 

Mineral: Tissue, calcified, metab- 
olism, blood phosphorus turn- 
over, relation, radioactive 
phosphorus as indicator, Manly, 
Hodge, and Manly, 293 
Monilia albicans: Lipids, Peck and 
Hauser, 403 
Muscle: Heart, electrolytes, extra- 
cellular, depletion effect, Yan- 

net and Darrow, 721 
Skeletal, and blood, electrolyte 
and water exchange, adrenal 
insufficiency, Muntwyler, Mel- 
lors, Mautz, and Mangun, 367 

, electrolytes, extracellular, de- 
pletion effect, Yannet and 
Darrow, 721 
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Naphthol: 4-Amino-2-methyl-, sulf- 
hydryl groups, oxidation, effect, 
Bernheim and Bernheim, 457 

Nicotinic acid: Biological materials, 
determination, colorimetric, 
Melnick and Field, l 
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Nicotinic acid 


Pneumococcus growth factor, 
Rane and Subbarow, 455 
Urine, determination, Bandier 
and Hald method, Rosenblum 
and Jolliffe, 137 
Nucleic acid: Streptococcus pyog- 
enes, Sevag, Smolens, and 
Lackman, 523 
Nucleotide(s): Pyridine, yeast, 
preparation, Klein, 43 


Nutrition: Lipid metabolism, rela- 
tion, Entenman, Changus, 
Gibbs, and Chaikoff, 59 

See also Undernutrition 


oO 


Obituary: Cullen, Glenn Ernest, 
Van Slyke, preceding p. 467 
Oxidase: d-Amino acid, tissue, 
riboflavin deficiency effect, 
Axelrod, Sober, and Elvehjem, 
749 

Carotene, carotene and fat oxida- 
tion, effect, Sumner and 
Sumner, 531 
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Pancreas: Extract, fat synthesis and 
metabolism, effect, McHenry 
and Gavin, 683 

Pantothenic acid: Pneumococcus 
growth factor, Rane and Sub- 


barow, 455 
Pantothenic acid diphosphate: 
Woolley, 461 


Pepsin: Salmon, crystalline, prepa- 
ration and properties, Norris 


and Elam, 443 
Peptidase: Carboxy-, specificity, 
Hofmann and Bergmann, 225 


Permanganate : Acid ashing method, 
blood iodine determination, mi- 
cro-, Riggs and Man, 193 

Perosis: Choline relation, Jukes, 
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Phenylalanine: Blood, phenylpyru- 


vie oligophrenia, Jervis, Block, 
Bolling, and Kanze, 105 
Chemistry, Jervis, Block, Bolling, 


and Kanze, 105 
Block, Jervis, Bolling, and 
Webb, 567 
Determination, Block, Jervis, 
Bolling, and Webb, 567 


Metabolism, Jervis, Block, Boll- 
ing, and Kanze, 105 
Block, Jervis, Bolling, and 
Webb, 567 

Spinal fluid, phenylpyruvic oligo- 
phrenia, Jervis, Block, Bolling, 
and Kanze, 105 

Phenylpyruvic oligophrenia: Blood 
phenylalanine, Jervis, Block, 
Bolling, and Kanze, 105 

Cerebrospinal fluid phenylal- 
anine, Jervis, Block, Bolling, 
and Kanze, 105 

Tissue protein amino acids, Block, 
Jervis, Bolling, and Webb, 567 

Phosphatase(s): Alkaline, zine ef- 
fect, Hove, Elvehjem, and Hart, 


425 

Phosphate(s): Intestine mucosa, 
glucose absorption, _ effect, 
Eiler, Stockholm, and_ AIl- 
thausen, 283 


Phosphatide(s): Formation, Char- 
gaff, Olson, and Partington, 


505 

Phospholipid(s): Kidney, turnover, 
Sinclair, 71 
Liver, turnover, Sinclair, 71 


Testis, elaidic acid absence, Sin- 


clair, 89 
Phosphoric acid: Aminoethyl-, me- 
tabolism, radioactive phos- 


phorus isotope as indicator, 
Chargaff and Keston, 515 
Phosphorus: Blood, age effect, An- 


derson and Elvehjem, 217 
-- turnover, tissue, calcified, 
mineral metabolism relation, 
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Phosphorus—continued: 


radioactive phosphorus as indi- | 


eator, Manly, Hodge, and 
Manly, 293 


Hypervitaminoses D, and Ds, 


ingestion effect, Morgan, Shimo-_ 


tori, and Hendricks, 761 
Inorganic, excretion, glycine and 
histidine ingestion effect, Hyde, 
95 


Radioactive, aminoethylphos- 


phoric acid metabolism, indi- | 


cator, Chargaff and Keston, 
515 

, blood phosphorus turnover, 

tissue, calcified, mineral me- 


tabolism relation, indicator for, | 


Manly, Hodge, and Manly, 293 
Pneumococcus: Growth, choline ef- 
fect, Rane and Subbarow, 455 
-, nicotinic acid effect, Rane and 
Subbarow, 455 


, pantothenic acid effect, Rane 
455 | 


and Subbarow, 
Porphyrin: Iron-, compounds, ma- 
rine organisms, Ball 
Meyerhof, 483 
Pregnancy: Urine a-dihydrotheelin 
isolation, Huffman, MacCorquo- 
dale, Thayer, Doisy, Smith, 
and Smith, 591 
Proline: Gelatin, Stein and Berg- 
mann, 


determination, Stein and Berg- 
627 


mixtures, 


mann, 
l-Proline-containing 


determination, Stein and Berg- | 


mann, 627 
Proteins: Amino acids, basic, de- 
termination, electrolytic, Al- 
banese, 467 
Blood serum, casein and casein 
digest effect, Mueller, Kem- 
merer, Cox, and Barnes, 


action, Ratner, Rittenberg, Kes- 
ton, and Schoenheimer, 665 


and — 


627 | 
dl-Proline-containing mixtures, | 


573 | 
Body, dietary glycine and, inter- | 
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Proteins—continued: 
Metabolism, Ratner, Schoen- 
heimer, and Rittenberg, 653 
Ratner, Rittenberg, Keston, and 


Schoenheimer, 665 
Metaphosphoric acid, reaction, 
Briggs, 261 
Seleniferous, alkaline solutions, 
decomposition, Painter and 
Franke, 557 


Tissue, amino acids, phenylpyru- 
vie oligophrenia, Block, Jervis, 
Bolling, and Webb, 567 

Pyridine: Nucleotides, yeast, prepa- 


ration, Klein, 43 
Pyrimidine: Vitamin B,, photo- 
chemistry and _ spectroscopy, 
Uber and Verbrugge, 273 


| Pyruvic acid: Oxidation product, 
phosphorylated, Lipmann, 


463 

R 
Raney catalyst: di-Leucine and /-leu- 
cine esters, reaction, Ova- 
kimian, Christman, Kuna, and 
Levene, 151 

| Renal: See Kidney 
| Rhizobium: Metabolism, Hoover 
and Allison, 181 
Riboflavin: Tissue d-amino acid 


oxidase, effect, Azelrod, Sober, 
and Elvehjem, 749 
Rice factor: Carbohydrate complex, 
Almquist, Mecchi, Stokstad, and 
Manning, 465 
Identification, Almquist, Stok- 
stad, Mecchi, and Manning, 


213 
Almquist, Mecchi, Stokstad, and 
Manning, 465 
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| Salmon: Pepsin, crystalline, prepa- 
ration and properties, Norris 
and Elam, 443 
Scurvy: 2-Keto-l-gulonic acid, ef- 
fect, Ball, 177 
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Selenium: Proteins containing, al- | 
kaline solutions, decomposition, | 


Painter and Franke, 
Serine: Synthesis, Wood and du 
Vigneaud, 413 
Sex hormone(s): Crystalline, blood 
lipids, effect, Entenman, 
Lorenz, and Chaikoff, 495 


Sorbitol: d-, metabolism, Blather- | 


wick, Bradshaw, Ewing, Larson, 
and Sawyer, 549 
Streptococcus pyogenes: Nucleic 
acid, Sevag, Smolens, and Lack- 
man, 523 
Succinic dehydrogenase: Marine 
organisms, Ball and Meyerhof, 
483 

Sucrose: Dextran synthesis and 
chemical constitution, Beta- 
coccus arabinosaceus, Hassid 
and Barker, 163 
Sulfhydryl group(s): Oxidation, 
4-amino-2-methylnaphthol  ef- 
fect, Bernheim and Bernheim, 


457 
Sulfone : Dimethyl, adrenals, 
Pfiffner and North, 781 


Sulfur: Metabolism, iodoacetic acid 
influence, Stevenson and White, 


709 

T 
Tendon: Electrolyte and water ex- 
change, Muntwyler, Mellors, 
Mautz, and Mangun, 389 


Testis: Phospholipids, elaidice acid 
absence, Sinclair, 89 
Theelin: a-Dihydro-, urine, preg- 
nancy, isolation, Huffman, 
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